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One of the main problems for tunnels during earthquakes
is the induced ground movements resulting from earthquake
faulting. This forced displacement could cause the failure
of the tunnels’ lining and eventually blockage of the inner
space of the tunnel. Because of the critical role of tunnels
in supporting humans’ life and transportation of the relief
forces in the moments after the extreme earthquakes, they
should be opened during these events. Therefore, in the
design of these structures, the effects of extra forces due to
the fault rupture, in addition to the seismic transient stresses,
should be considered. An investigation on the literature of
the tunnel-fault interaction has shown that there is a lack
in the discernment of the behavior of the tunnel during the
interaction with the reverse-faulting zone. Hence, the effects
of'this type of earthquake faulting on the behavior of alluvial
tunnels have been investigated in this research project,
Figure (1).

The methodology of the research in this project is divided
into two sections, (i) experimentally laboratory works with
geotechnical centrifuge (Figure 2-a), and (ii) numerical
analyses. The type of the tunnels was continuous with cast-
in-situ reinforced concrete lining where excavated in the
granular alluvium.

In the laboratory works, first, a dip-slip fault simulator
split-box, Figure (2-b) has been designed and constructed
for the geotechnical centrifuge facility of the International
Institute of Earthquake Engineering and Seismology
(ITEES). Using this split-box, three reverse-faulting
centrifuge tests have been accomplished on the small-scaled
model tunnels. Moreover, a 2 Tons electric crane for lifting
and transportation of this heavy split-box has been designed
and constructed. For monitoring of the soil and tunnel’s
inside deformations during the spinning of the centrifuge,
the Digital Image Correlation (DIC) technique and inside
Wi-Fi camera have been applied, respectively.

In the numerical modeling section, a finite-difference code
has been written to analyze tunnels or pipelines against the
reverse, normal, or strike-slip faulting, Figure (3), example
results of numerical analysis). This finite-difference code
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has the ability to consider the Timoshenko beam equations
in solving the problems. The benefit of the Timoshenko
beam theory rather than the Euler-Bernoulli beam theory
is the capability to consider the shear effects in addition to
the bending effects. The shear effects are important in the
evaluation of the behavior of Tunnels. Moreover, the written
code could consider the nonlinear behavior of concrete, steel
reinforcement, and soil materials.

Comprehensive numerical analysis with different tunnel
diameters (i.e., 3, 6, 8, 10, 12, and 15m), three different
burial depths, four different tunnel thicknesses, and three
different fault zone widths have been performed. Results
have shown that depending on the soil-tunnel relative
stiffness and the width of the fault rupture zone, the failure
mode of the tunnels could either be in axial-bending or shear
condition. The bigger the fault zone width, the bigger the
required displacement for tunnel failure. By increasing the
burial depth of the tunnel, smaller fault displacement would
be needed for failure due to the higher confining stresses. In
the short length tunnels, the lining behavior is more prone
to be rigid, while in the long tunnel, the behavior is more
flexible (similar to the piles’ theory). For bigger tunnel
diameters, the lower fault displacement is required for the
lining failure.

Results of the 3403 numerical models of the tunnel and
fault interaction have led to the extraction of a practical
graph for tunnel engineers. This graph shows the required
amount of the fault displacements necessary to bring the
tunnel to the failure state, Figure (4). The type of failure,
i.e., axial-bending or shear failure is also attainable using
this graph. Moreover, one of the significant advantages of
this graph is considering different parameters, such as the
fault zone width, tunnel diameters, and the soil and tunnel’s
stiffnesses in one plot altogether.

The results of the centrifuge tests have shown that there
is a shielding effect in the soil due to the presence of the
tunnels. This effect prevents the propagation of the shear
bands to the ground surface. Therefore, the fault scarp
fades at a specific distance from the surface projection of
the location of the embedded tunnel. The presence of the
tunnel inside the soil and the geometrical locations of the
flexible joints relative to the bedrock fault line, altogether,
may cause the formation of the tensile cracks on the ground
surface. This phenomenon is critical for the buried pipelines
that are sensitive to the tensile strains.

To prevent tunnel failure during the fault offset and to
reduce the probability of the tunnel collapse, the employment
of the flexible joints has been investigated in this project,
Figure (5). The numerical models, Figure (5-a) and centrifuge
tests, Figure (5-b) have shown that the amount of the gap in
the flexible joints should be such that during the reverse fault
offset, the collision of the consecutive tunnel segments in a
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common joint can be prevented. The flexible joint should
also prohibit the formation of differential vertical step-like
displacements at the location of each joint. In this regard,
the flexible joint itself should have some degree of stiffness.
A special Hollow Section Steel (HSS) fuse for placement
in the flexible joints has been designed in this research project
(Figure 5-a). The fundamental specifications of these HSS
fuses were in accordance with the suggestions proposed in the
last paragraph. This particular joint could maintain the tunnel’s
performance after large fault displacements. The combination
of this countermeasure method with Steel Fiber Reinforced
Concrete (SFRC) for the lining effectively reduces the risk of
the collapse of the tunnel. For a sample jointed tunnel with 11
segments, 12 HSS fuses in-between, and SFRC for lining, 1m
of fault displacement could not lead to the collapse (Figure
6-a). In contrast, a similar continuous tunnel under 18cm fault
movements has experienced the failure conditions (Figure 3).
Other methods for reducing the hazard of tunnel failure
are the increase of the reinforcement content inside the
tunnel lining and injection of the compressible materials,
like geofoam, in the surrounding soil of the tunnel.
Numerical analyses in this research project have shown
that the optimum longitudinal reinforcement content in

continuous tunnels is p, = 6% . Moreover, geofoam injection
could reduce the surface faulting’s destructive effects on
the tunnels by decreasing the soil induced shear forces on
the lining. Figure (6-b) shows that in a segmented tunnel
with HSS flexible joints, injection of the geofoam material
reduced the compressive strains by about 80% compared to
the similar tunnel but without injection.

Keywords: Tunnel, Reverse faulting, Damage, Centrifuge
tests, Numerical modelling
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