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Seismic performance evaluation of tunnel linings in stiff soils
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ABSTRACT: Modern tunnel excavation techniques in heavily populated cities such as
Mexico City, must be accompanied by both proper instrumentation and numerical modeling
to foreseen and reduce potential risk situations, associated with local and global instability.
These simulations must account for subsoil conditions, tunnel geometries, and construction
procedures, to estimate as close as possible the internal forces acting on the primary and sec-
ondary lining, generated by the excavations, for both static and seismic conditions. Historic-
ally, underground facilities have experienced a lower damage rate than surface structures
under seismic loading. Thus, seismic effects on underground structures have been only mar-
ginally studied. In general, damage to tunnels occurs when there is an abrupt change in soil
stiffness. This paper presents the seismic performance evaluation of tunnel linings in rigid
soils. Initially, the risk associated with the determination of geotechnical parameters was
evaluated. Then, three-dimensional finite differences models were developed using the soft-
ware FLAC3D to assess the tunnel performance taking into account the seismic effects on the
internal forces produced on the primary and secondary lining.

1 INTRODUCTION

Historically, underground structures have presented lower damage rate, and are less vulner-
able to earthquakes than surface structures. Thus, there have been reports in the technical lit-
erature of underground structures that performed well during earthquakes, whereas nearby
surface structures suffered considerable damage (Sharma & Judd, 1991). These structures
have special characteristics that make their behavior during seismic loading different from sur-
face structures. The principal aspects that make their behavior different, is that they can have
considerable lengths, and are submerged in layers of soil and/or rock with varying stiffness
(Hashash et al. 2001). The behavior of a tunnel during the earthquake, sometimes can be
approximated to a beam subject to deformations imposed by the surrounding soil or rock. To
analyze the dynamic response of tunnels, it is necessary to consider a three dimensional wave
field, and its effect along the tunnel axis (Lin et al. 2016). This paper presents the seismic per-
formance evaluation of a tunnel lining in rigid soils, such as those located in the western part
of Mexico City. Initially, the uncertainty associated with the determination of geotechnical
parameters was evaluated. Three-dimensional finite differences models were developed using
the software FLAC3D to assess tunnel lining performance taking into account the seismic
effects on the internal forces produced on the primary and secondary lining.

2 PROJECT DESCRIPTION

The tunnel considered is 3.5 km long, and is located in the northwest side of Mexico City, as
depicted in Figure 1. As can be observed, the project runs through the so-called hill zone
according to the geotechnical Mexico City zoning (RCDF, 2017). From the geological stand
point, this zone falls within the Tarango formation, which is comprised mostly by very
cemented silty sands and sandy silts, dense to very dense, and exhibits large to very large shear
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strength and low compressibility. However, sometimes manmade clayey fills, or pockets of
lose sand can also be found. The excavation process of this tunnel is based on the conven-
tional method.

3 GEOTECHNICAL DESIGN ASPECTS

The tunnel geometry is shown in Figure 2a. The tunnel was projected with an external height
and wide of 8.6, m and 11 m respectively. The tunnel primary lining thickness is 0.2 m
(Figure 2b), and is comprised of reinforced shotcrete. The shotcrete was assumed to have com-
pression strength at 28 days, f’c, of 25 MPa. The reinforcement consists of two 6x6 08/08
welded wire meshes (Figure 2b). Figure 3 shows the construction details of the secondary
lining. The critical section for analysis corresponds to the zone with the minimum tunnel
depth (chainage 30+271.00 km). The tunnel crown is 16 m deep at the analyzed zone. The
construction procedure consists on the following steps: 1) excavation of the upper middle sec-
tion with advances of 1.5 m, stabilizing each excavation step using a primary lining consisting
of shotcrete, 2) excavation of the central bank of the lower midsection with advances of 3 m,
with respect to the excavation face, 3) excavation of the walls with advances of 2 m in a length
of 10 m, placing all the primary lining, 4) placement of the secondary lining at the tunnel walls
in segments of 10m, 5) completion of secondary lining installation in the tunnel crown in seg-
ments of 10m. Steps 1) through 5) are conducted sequentially, while the excavation is ongoing.
The idealized geotechnical section for analysis is presented in Figure 4a. The water table was
not detected until the maximum explored depth.

3.1 Statistical analysis and determination of properties for analysis and design

The tunnel runs through the tobaceus materials found in the Tarango formation, product
of volcanic eruptions of Sierra de Las Cruces. The tobaceus formation is comprised of
cemented sandy silts or silty sands, with variable degree of cementation. A statistical char-
acterization of soil parameters was carried out to assess the inherent heterogeneity of this

Figure 1. Project location geotechnical zoning.
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geological formation. This variability, which is mostly associated with changes in degree of
cementation and relative density, was accounted for explicitly in the geotechnical analyses.
Two layers were identified throughout the project, classified according to the number of
blows of standard penetration test (SPT), visual inspection, and available index and mech-
anical properties:1) Fill, and 2) Competent tobaceus formation. The soil mechanical prop-
erties of design were estimated with empirical correlations based on the number of SPT
blows counts. In the work presented in here, we used the correlation proposed by Brown

Figure 2. (a) Tunnel cross section and (b) primary lining section.

Figure 3. Construction detail of the secondary lining in the (a) walls and (b) the top of the tunnel.

Figure 4. Soil profile of section analyzed located in the chainage 30+271.00 km.
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& Hettiarachi (2008) (expression 1), to estimate the soil cohesion, c, and the correlation
suggested by Wolff (1989) (expression 2) for friction angle, ϕ. Table 1 shows the results of
statistical analysis.

c ¼
1

α

pa

8:5
N60

� �

ð1Þ

f ¼ 27:1þ 0:3N60 � 0:00054N60
2 ð2Þ

where c is the soil cohesion in kN/m2; α is equal to 2.82; pa is the atmospheric pressure in
kN/m2; N60 is the number of SPT blows counts, corrected by energy at 60%, and ϕ is the soil
friction angle.
The elasticity modulus was estimated using expression 3, which was determined by multiple

linear regression analyses between c and ϕ, and the Young modulus at 50% strain before
reaching soil failure, E50, developed in previous research (Vital & Mayoral, 2014) for the stiff
tobaceous soils.

E50 ¼ 277:3 cþ 579:25 fþ 3902:8 ð3Þ

3.2 Shear wave velocity profile

The shear wave velocity, Vs, distribution with depth was obtained from empirical correlations
between SPT blow counts, and Vs proposed by various researchers for the same soil type
(Table 2). Figure 4b shows the idealized Vs profile used in the analysis.

3.3 Normalized modulus degradation and damping curves

Due to the practical difficulties associated with sampling the silty sands layers, the upper
bounds proposed by Seed & Idriss (1970) for normalized modulus degradation and damping
curves, were used for the analyses (Figure 5). Similarly, curves proposed by Seed & Idriss

Table 1. Statistical analysis of the soil mechanical properties.

Material Measure of dispersion c [kPa] ϕ[°]

Fill μ 60 31

σ 40 2.5

μ +σ 100 33.5

μ –σ 30 28.5

Competent tobaceus formation μ 110 35

σ 10 0

μ + σ 120 35

μ – σ 100 35

Note: μ: mean, σ: standard deviation

Table 2. Correlations between Vs and SPT.

Author Correlation

Imai (1977) Vs= 80.6 N°.331

Seed and Idriss (1981) Vs= 61.4 N°.5

Seed et al. (1983) Vs= 56.4 N°.5

Pitilakis et al. (1999) Vs= 145 N°.178

Dikmen (2009) Vs= 73 N°.33

Note: N, is the number of SPT blows
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(1970) have been successfully used in one-dimensional (1D) wave propagation analysis to pre-
dict the measured response during the 1985 Michoacan earthquake (Mayoral et al. 2008 &
Seed et al. 1988).

4 NUMERICAL MODEL

A tridimensional finite difference model was developed in FLAC3D (Itasca, 2009) to assess the
tunnel seismic performance (Figure 6a). A Mohr-Coulomb failure criterion was used in the
model. To better asses the stress distribution around the tunnel prior the dynamic event, the
simulation includes the construction process according to the methodology established previ-
ously. To avoid boundary effects in the computed displacements, these were obtained on a
control section located at more than one time the distance left between the tunnel base and
crown (i.e. 8.5m) with respect to the lateral walls of the mesh (Figure 6). Figure 6b shows the
excavation stages in half of the model. For the analysis the complete model was considered.
The free field boundaries available in FLAC3D were applied at the edges of the model to simu-
lated free field conditions, and avoid energy reflection during the seismic event. The primary
and secondary lining were modelled using solid and shell elements respectively. A compliant
(flexible) base was assumed at the bottom of the model.

5 SEISMIC ENVIRONMENT

The seismic environment was established based on a deterministic response spectra developed
for the project site, with the attenuation relationship proposed by Reyes (1999), considering a
subduction earthquake Mw 8.6. The attenuation relationship relates the ground movement in
a given site, through a generic parameter of the ground motion, Y, which usually is an acceler-
ation or velocity, with the parameter that establish the size of the earthquake in the source
(e.g. magnitude, M), distance from the site to the zone of energy release (R), and a measure of
the model dispersion. Some models include other terms such as the soil type factor, the fault
type that generates the earthquake, or the earthquake type as a function of its hypocentral
location (e.g. Esteva et al. 1970, Singh et al. 1987, Campbell et al. 2000). The same cited
authors have proposed several attenuation models to estimate the peak ground acceleration,
PGA, the spectral acceleration corresponding to a given specific frequency, Sa (T), or the max-
imum ground velocity, PGV, for a given site. For this research it was used the attenuation law
proposed by Reyes (1999), which allows the estimation of the spectral acceleration, Sa, in rock
outcrops in Mexico City.
For the time domain analysis, a synthetic ground motion was obtained. To develop time

histories which response spectra reasonably match the design response spectrum, the ground

Figure 5. (a) Normalized shear modulus and (b) damping curves used in the analysis.

3817



motion recorded at TACY seismological station during the 1985 Mw 8.6 Michoacan earth-
quake was modified using the method proposed by Lilhanand & Tseng (1988), as modified by
Abrahamson (2000). This approach performs a time domain modification of an acceleration
time history to make it compatible with a user specified target spectrum. The modification of
the time history can be performed with a variety of different modification models. In doing
so, the long period non-stationary phasing of the original time history is preserved. The 5%-
damped response spectra calculated for the modified time histories are compared with the
recommended spectra in Figure 7.

6 SEISMIC TUNNEL-SOIL INTERACTION ANALYSIS

A fully non-linear analysis was carried out using the program FLAC3D (Itasca, 2009) for the
tunnel-soil system considering primary and secondary lining, and the construction process. The
free field boundaries implemented in FLAC3D were used along the edges at the model, and a com-
pliant base (flexible) was considered at the bottom. Although several constitutive models have
been developed to account for nonlinearities, there is a lack of enough experimental data to
develop and calibrate a reliable constitutive models. Thus, the practical-oriented hysteretic model
available in FLAC3D denominated as “sig3″ was used to approximately deal with both modulus
stiffness degradation and damping variation during the seismic event. This model considers an
ideal soil, in which the stress depends only on the deformation and not on the number of cycles,
with these assumptions an incremental constitutive relationship of the degradation curve can be

Figure 6. (a)Numerical model of tunnel-section, and (b) excavation stages in half of the model.

Figure 7. Response spectra (Reyes 1999), and adjusted ground motion response spectra.
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described by τn/γ = G/Gmax, where τn is the normalized shear stress, γ is the shear strain and G/
Gmax the normalized secant modulus. The sig3 model is defined according to expression 4:

G

Gmax

¼
a

1þ exp � L�x0
b

� � ð4Þ

Where L is the logarithmic strain defined as L = log10(γ), and the parameters a, b, and x0,
used by the sig3 model were obtained by an iterative approach, in which the modulus degrad-
ation curves were fitted with the model equations. For the cases studied herein, the parameter
“a” has a value of 1.014, “b” -0.4792, and “x0” -1.249. The corresponding G/Gmax fitting
curves are presented in Figure 5a.
The mechanical elements obtained from the numerical models were compared with the inter-

action diagram for both primary and secondary lining section showed in Figures 2 and 3.
Figure 8a and b shows the interaction diagram for both primary and secondary lining section
with the corresponding combination of computed bending moments and axial forces. The inter-
action diagram corresponds to the concrete strength at 28 days. Axial forces and bending
moment were computed from the numerical analysis using FLAC3D. As can be seen in
Figure 8a with a 0.20m-thick lining the two points associated with the tunnel top fall outside the
interaction diagrams. Therefore, it is concluded that if the seismic design event considered
occurs during construction, when only the primary lining of 0.20m-thick is in place, significant
cracking at the tunnel top along both the longitudinal and transversal direction will be expected
to occur, due to the limited tension strength capacity of the shotcrete, and the important com-
pressional forces generated during the earthquake in the transversal direction. This can lead to
persistent local faults during the earthquake, and in turn, to potential collapse. The secondary
lining exhibits an acceptable behavior during the earthquake, due to the ductility provided by
the steel bars that increase the tension capacity of the structural element (Figure 8b).

7 CONCLUSIONS

This paper presented the seismic performance evaluation of a tunnel under construction on
rigid soils, located in the western part of Mexico City. Initially, the risk associated with the
determination of geotechnical parameters was evaluated. Then, three-dimensional finite differ-
ences models were developed using the software FLAC3D to assess the tunnel performance,
taking into account the seismic effects on the internal forces produced on the primary and sec-
ondary lining. It is concluded that the primary lining is insufficient to take the design seismic
forces, and significant cracking at the tunnel top along both the longitudinal and transversal

Figure 8. Interaction diagram of (a) primary lining and (b) secondary lining.
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direction will be expected, due to the limited tension strength capacity of the shotcrete, and
the important compression forces generated during the earthquake in the transversal direc-
tion. This can lead to local faults during the earthquake. The secondary lining exhibited an
acceptable behavior during the earthquake, due to the ductility provided by the steel bars,
which increment the tension capacity of the lining. This study exhibits the importance to place
the secondary lining, to be able to endure the forces acting during the earthquake.
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