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With an overview of conventional methods for seismic
analysis of underground structures, one could distinguish
four main approaches, including equivalent static analysis,
close formed solutions, analysis under statically imposed
deformation, and time history analysis. Among these
methods, the first three cannot reflect the differences in
seismic behaviors under various excitation frequencies. On
the other hand, the results from the fourth method, because
of notable required analysis time and also difficulties in
drawing general conclusions, are usually restricted to
specific cases and certain ground motions. Therefore, at
the time, concluding remarks on the dynamic behavior of
underground structures are scarce, even in the linear domain.
In addition to the above restrictions, several inspiring
articles on this field are based on some assumptions that
narrow their applicability domain. Two of these articles are
the ones published by Wang (1993) and Penzien (2000). The
central assumption in these documents is that, under shear
wave field of motion, the transverse section of the structures
can be analyzed assuming that the surrounding domain has
uniform free field shear deformations at far boundaries. This
assumption is valid provided that the structure dimensions
become too smaller than the wavelength.

Additionally, they suggested that maximum shear
deformation of the free field should be imposed on the soil
domain boundaries, including the structure. It means that the
structure is placed in the node point of the wavelength of
the stress field where the shear deformation is maximum.
As the structure dimensions enlarge, the assumption of
shear wave field uniformity may lose its validity, not
always on the conservative side. The reported differences
between linear dynamic analysis and linear static analysis
can be followed within various axes. The other point is that
wave fields usually pass through subsurface structures with
incident angles other than zero. This takes place as a result
of various geological reasons like underground topography,
subsurface natural inclusions, basin effect, inclined layering,
etc. However, classic approaches to seismic design of
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embedded structures do not consider this fact explicitly.
Besides, the trace of this issue in the literature of seismic
demand estimation is commonly restricted to specific cases,
while no general easy-to-use solution has been presented
yet. Regarding previously mentioned statements on limited
validity of the common method, several questions are aimed
to be answered in this research which has not been responded,
in an integrated and dimensionless framework, yet. A major
question that would be raised is, “To what extent, can the
common method for underground rectangular spaces, can
predict accurately maximum seismic responses?”’. The other
question is that “Is the current common method capable
of predicting the sections at which maximum demands
occur?”, or more generally, “Is it suitable for predicting
rational spatial distribution for seismic demands throughout
the structure?”. The next question is that “How different
incident angles of the wave field would affect the distribution
of demands and related maximums?”. In this case, “Is
there any difference between, flexural, axial and shear
demands?”. The last question is that “Is it possible to reach
rational approximations on dynamic strains that take place
in an underground structure, under the passage of a shear
wave field of motion through easy-to-use equations?”. In
order to provide proper responses, a set of linear parametric
analysis are conducted here. In this regard, dynamic strain
demands imposed on beneath ground structures, under
the complete passage of a shear wave field of motion, are
investigated. The domain is considered as a homogeneous,
isotropic and linear 2D medium. The results are presented
in chapters 4, 5 and 6. In chapter 4, the normalized dynamic
strains are reviewed, as system responses, in the frequency
domain. In the first step, the results are reported for each
of the tops, down and side edge elements of the structure
including various structural aspect ratios, flexibility ratios,
and wavefield incident angles. In the second step, the
governing incident angle of the wavefield, which brings
about maximum demand at each section on of the structural
elements, is studied. In the third and final step, peak dynamic
strains under all incident angles and different frequencies of
excitation are summarized. Based on these latter compact
results, simple accurate equations are presented which guide
to novel upper bound levels of dynamic strain demands in
a linear analysis. In chapter 5, simple equations for transfer
functions are presented that can provide strain histories in
time domain at specific points throughout the structure. In
chapter 6, a real case metro station is modeled including
proximity to surface and its related strain histories in specific
points on the structure. It should be noted that, although
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system linearity put restrictions on the results, but for two
reasons, it would not prevent reaching the target goals of
this research. First, soil nonlinearity usually works in the
conservative side in deep underground structures having
large flexibility ratios, i.e. reduces the structural seismic
demands. This happens as the governing seismic loads for
such cases originate from kinematic soil-structure interaction
rather than inertial one. Therefore, dealing with linear
systems would still provide upper bound results when the
surrounding medium is somehow stiffer than the structure.
Second, using linear analysis makes it possible to study
the effect of each frequency of excitation on the demands
separately in a non-dimensional format without losing
results generality. Inserting the frequency dependency of
the strain demands into simple predicting equations would
be the major contribution of this research that has not been
covered comprehensively yet.
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