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modeing, 3) numerical analyses, and 4) analytical
studies.

The interaction between the shallow foundations
and fault ruptures is influenced by many factors,
including (&) the position of the foundation reative
to the fault outcrop location, (b) The amount of
bearing pressure on the foundation, (c) The rigidity
and continuity of the foundation, and d) the em-
bedment depth of foundation [6-7]. A building would
fail by either the fault rupture or excess rotation of
its foundation [8-9]. Table (1) presents proposed
limits for foundation rotation that coincide with
structural damage states.

Table 1. Suggested limit states for rigid body rotation due to
ground deformations beneath foundations [10].

Foundation Rotation Damage State
0<e<I® Slight
1°<6<2° Moderate

2°<9<5° Severe
0>5° Threatening Stability

Dueto the population growth, tunnds and under-
ground transport facilities are important means of
communication. In many cases, they are built in
sasmically active zones. Therefore, it is necessary
to not only evaluate the effects of permanent ground
deformation on tunnds but also consider the effect
of tunnd presence on the fault rupture path and
surface structures. Previous studies have so far
confirmed the fact that the presence of a tunnel
near active fault can change the zone of large de-
formations on the ground surface [9, 11-12]. This
study investigates the interactions of underground
tunnd and existing shallow foundation affected by
normal fault withadip anglea = 60 using thefinite
element method. The FE software ABAQUS (2014)

was used to conduct the numerical study. The
numerical analysis of this research was verified
with the findings of Bransby et al. [6] on the normal
fault-foundation interaction modeled in centrifuge
testing and Nabizadeh et al. [13] on centrifuge
modeling of interaction between normal faulting
and tunnd.

2. Numerical Modelling

The numerical analysis was conducted under
two-dimensional plane strain condition by the
ABAQUS software. Figure (1) shows the con-
figuration of the numerical modd used in this paper.
Normal faulting with a dip anglea = 60 and a
vertical component of displacement h= 4 m vertical
was simulated in a sand deposit of depth H =16 m.
The foundation width (B) and thickness were 8.5 m
and 1 m, respectively, and placed in different
positions (9B). Parameter S indicates the distance
between the left corner of the foundation and the
fault outcrop on the surface in free-fidld condition.
A tunnel with internal diameter of D = 4 m and
thickness of t = 0.24 m was placed at different
coordinates relative to free-fied fault rupture path
(Figurel).

An dasto-plastic constitutive modd adopted by
Mohr-Coulomb as a failure criterion was employed
to simulate the soil behaviour. The foundation and
the tunnd were modeled as a linear dastic dement
with high rigidity (sted and concrete, respectively).
The interface between the structures and the
surrounding soil was modeled as "hard" contact,
while anormal behaviour of friction with thefriction
coefficient was used. The properties of materials
adopted in numerical analyses were summarized
inTable (2).

The element chosen for soil, foundation and
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Figure 1. Schematic configuration of the studied problem.
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Figure 2. Finite element meshes in the present numerical model.

tunne was quad-dominated with the width of 0.5 m
or less for a successful numerical simulation. Mesh-
ing had dense formation near the tunnd. Figure (2)
shows finite eement meshing used in the numerical
modd.

3. Verification

The ability of numerical simulations in pre-
dicting thefaulting effects on surface and underground
structures was validated using centrifuge model
tests conducted by Bransby et al. [6] and Nabizadeh
et al. [13].

Bransby et al. [6] investigated the performance
of shallow foundations resting on soil and subjected
to normal fault rupture using centrifuge modeling at
115 times Earth's gravity. Direct shear tests were
conducted on samples with D =60%, which gave

experimental model are depicted in Figure (3a).
The foundation was constructed from sted and was
of breadth, 87 mm (10 m at full-scale) and thickness
of 10 mm. Normal fault displacement was applied
to the sand layer with a dip angle of 60 . The
vertical component of the fault displacement in
the test selected for the verification was 10 mm
(1.15 min prototype).

Figure (4) compares the numerical prediction
with the experimental results, in terms of deformed
mesh with plain strain contours. As it can be seen,
the presence of foundation caused the rupture
path to divert towards the footwall. The shear zone
and the location of fault outcropping predicted by
numerical modding is quite similar to the experi-
mental results. The foundation rotation in numerical
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Figure 3. Finite element meshes in the present numerical model.
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analysis and centrifuge mode was about 2 .

A series of centrifuge tests under 80-g cen-
trifugal acceleration conducted by Nabizadeh et
a. [13] to modd normal faulting interaction with
the tunnel. Schematic of test conditions in this
research is shown in Figure (3b). A tunnel with
internal diameter of 4 m and lining thickness of
0.24 min prototype scale was placed in the position
shown in Figure (3b). The tunnd lining was modeled
using aluminum alloy (6061-T6) frames. The fault

(©

dip angle was 60 to produce the vertical offset of
50 mm (4 m in prototype). Values of mechanical
soil parameters were reported as, g = 15.65 kKN/m?,
j =38 andY =10.

As it can be seen in free-field condition, the
numerical results obtained from the finite element
analysis are in good agreement with the experi-
mental data (Figures 5a and 5c). Based on the
experiment performed with the presence of the
tunnel and numerical study, it is found that results

(d)

Figure 4. Comparison between experimental results [6] and numerical simulation: a) Deformed soil for the free-field centrifuge
test; b) Centrifuge model for the test with foundation (S/B=0.3, q=91kPa); c, d) Deformed mesh with plain strain contours in finite

element analysis.

Figure 5. Comparison between experimental results [13] and numerical simulation: a) Deformed soil for the free-field centrifuge test;
b) Centrifuge model for the test with tunnel; c, d) Deformed mesh with plain strain contours in finite element analysis.
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