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ABSTRACT 
Underground structures are an integral part of civil infrastructure and play an ever-increasing role in a rapidly urbanizing 
world. Underground structures have generally performed better than aboveground structures during earthquakes when 
transient motions are considered. Nevertheless, underground structures are vulnerable to ground failure such as fault 
displacement, liquefaction and slope instability.  

This paper reviews past performance of underground structures during earthquakes and available frameworks for 
seismic analysis. It covers displacement-based design principles using closed form, pseudo-static and dynamic soil-
structure interaction (SSI) approaches. These approaches are based on the recognition that system response is primarily 
driven by the inertia of the surrounding soils and that the contribution of the inertia of the underground structure is limited. 
In the case of closed form solutions and pseudo-static analyses, structure inertial response is neglected. The paper also 
discusses approaches to mitigate the impact of ground failure on underground structures. 

The paper then describes emerging challenges and opportunities in the seismic evaluation of underground structures 
including buried reservoirs, transit stations, and the interaction with adjacent tall buildings in urban areas. For these 
complex structures, the use of pseudo-static approaches is no longer applicable as these approaches cannot account for 
significant inertial contributions of structural elements nor complex kinematic constraints. For example, in the case of large 
buried reservoirs, the roof structure is an important driver of forces transmitted into the sidewalls. For underground 
structures next to tall buildings, portions of the building inertial load in the form of base shear is transmitted to the adjacent 
underground structure. 

The paper then describes advances in nonlinear dynamic soil-structure interaction simulations whereby the soil and 
structure are equally represented in the numerical model. These dynamic analyses can represent soil and structure details 
that have an important impact on the system response and cannot be captured in simplified procedures. The use of modern 
analysis software makes accessible analyses that can take advantage of modern computer hardware and parallelization. 
It is possible to run multiple ground motions and rapidly process analysis results within a short timeframe. Several research 
projects are underway by the authors to evaluate the results of numerical models, in a few cases after validation with 
physical model studies, and to develop reliable analysis protocols. The emergence of these numerical analysis tools allows 
for an important shift to performance based design of underground structures using a sufficient number of ground motions, 
while capturing important details of the soil-structure interaction and the underlying uncertainties. 
 
 
 
1 INTRODUCTION 
 
The development and resilience of underground space is 
essential to the overall development and resilience of 
urban areas. Underground space has numerous uses 
including storage, parking, mass transit, transportation and 
utilities.  Underground structures are ubiquitous in all major 
urban areas and are critical to the recovery and resumption 
of normal economic activities after a major earthquake. 

Structural and seismic design procedures are 
developed primarily for aboveground structures such as 
buildings and bridges. The structure’s inertial mass is the 
primary driver of static and seismic loading on an 
aboveground structure. Procedures based on this 
framework do not adequately represent the response of an 
underground structure. Ground, which may consist of soil, 
rock, or fill, surround an underground structure. The inertial 
mass of the ground is far larger than that of the structural 
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material of an underground structure and plays a primary 
role in the static and seismic loading experienced by the 
structures. While a designer might be concerned with the 
forces that structural elements will experience, it is 
necessary to consider the surrounding ground and the 
structural elements as a system to adequately capture the 
anticipated behavior.  The relative stiffness between the 
underground structure and the surrounding ground is the 
primary driver of the response of underground structures.  

   
2 PERFORMANCE OF UNDERGROUND 

STRUCTURES DURING EARTHQUAKES 
 
A number of studies documented the performance of 
underground structures after shaking (Owen and Sholl, 
1981, Matsuda and Tanaka, 1996, An and Maekawa, 1997, 
Wang et. al, 2001, Parra-Montesinos et. al, 2006, Kontoe 
et. al, 2008, Chen et. al, 2012, Yang et. al, 2014, Mahmoud 
et. al, 2015, Yu et. al, 2016). Underground structures have 
generally experienced significantly less damage than 
aboveground structures. Well-design structures generally 
experienced little damage. Most damage is often 
associated with some type of ground failure. Observations 
of seismic performance can be summarized as follows: 
 Damage due to seismic shaking: This is often 

associated at structure transitions and connections 
that lack flexibility. Moreover, damage is observed 
in areas with strong horizontal and vertical ground 
motion that exceeds anticipated design motions.  

 Damage due to liquefaction: Where underground 
structures are embedded partially or wholly in 
liquefiable soil, they can be subject to excessive 
lateral and vertical deformations including 
floatation. 

 Damage due to fault displacement: underground 
structures that cross faults cannot resist permanent 
ground movement associated with fault rupture. 
Hence, tunnel supports are severely damaged 
during such movement.  

 Damage at portals: Hill slopes at tunnel portal can 
experience shallow or deep slope instability during 
an earthquake. The slide debris tends to block or 
sometimes damage a tunnel portal, Figure 1.  

 

 
 

Figure 1 Slope instability at tunnel portal, after Wenchuan 
Earthquake, 2008, China. 

3 GENERAL FRAMEWORK FOR SEISMIC ANALYSIS 
OF UNDERGROUND STRUCTURES 

 
The seismic evaluation of underground structures follows 
the same general framework for evaluation of seismic 
behavior of other structures. The elements of this 
framework include: 

(a) Site investigations, 
(b) Seismic hazard analyses, 
(c) Site response analyses, 
(d) Evaluation of ground failure potential, 
(e) Evaluation of response to transient shaking. 
The following subsections provide additional details on 

these elements.  
 
3.1 Site investigation 
 
A phased site investigation program is an essential pre-
requisite to the seismic evaluation of underground 
structures. Numerous references are available that provide 
guidance on the various types of field and laboratory 
exploration and testing procedures that can be employed.  
Detailed discussion of these procedures is beyond the 
scope of this paper. This section highlights selected items 
to be considered during a site investigation program. 

The site investigation program is needed to define the 
three-dimensional stratigraphy along the length of the 
underground structure in addition to the engineering 
properties of the various strata including their static and 
seismic stiffness and strength characteristics. This is best 
achieved in conjunction with an understanding of the 
geologic history of the area that will assist the engineer 
assessing such variability. With the increasingly broader 
adoption of three-dimensional (3-D) numerical modeling for 
underground structures, there is a need to ensure that the 
soil stratigraphic information is represented in a 3-D 
manner.  

Direct measurement of the shear wave velocities (Vs) of 
the various ground strata is required as Vs is a fundamental 
property reflecting the small strain stiffness of a given 
stratum and are needed in the analysis of the seismic soil-
underground structure interaction. Direct measurement 
can be achieved using approaches such as downhole or 
suspension logger testing. Surface wave techniques for 
estimating shear wave velocity profiles, while efficient, can 
be challenging to interpret in highly variable ground 
conditions encountered in many urban areas. The use of 
relationships to infer shear wave velocity from standard 
penetration testing (SPT) is to be avoided due to the highly 
variable nature of SPT measurements and the significant 
uncertainty in the correlations.   

At sites where soils are present and it is possible to 
employ the cone penetration test (CPT), extensive use of 
CPT in addition to conventional borings can be quite 
effective in characterizing variability in soil deposits. 
Moreover, CPT testing can provide information on soil 
strength, and soil behavior index. Less reliance on SPT 
testing in favor of CPT testing is highly desirable.   

Data is also needed to characterize the small strain 
nonlinearity of soil as a function of shear strain (e.g., Figure 
2). This data can be obtained from laboratory tests such as 
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resonant column tests. Alternatively, the use of published 
curves based on soil index testing may be sufficient.  

Characterization of soil strength is also needed to 
evaluate the potential for soil failure due to seismic shaking 
and account for phenomena such as liquefaction and soil 
stability.  

 

 
Figure 2. Typical normalized shear modulus reduction and 
damping ratio curves as a function of shear strain needed 
to represent soil dynamic behavior. Increasing confining 
pressure reduces the nonlinearity in the normalized 
modulus reduction curves as well as the damping ratio.  
 
3.2 Seismic hazard analysis 
 
Probabilistic and deterministic seismic hazard analyses to 
quantify the seismic hazard at the site are needed to 
quantify ground motion intensity measure at the site that 
characterize the key properties of acceleration, velocity, 
and displacements. This is commonly done in the form of 
target response spectra to which ground motion time 

histories are matched. Site-specific seismic hazard 
analysis is needed, an estimation of hazard from published 
national seismic hazard maps does not have the necessary 
resolution for the advanced analyses required when 
evaluating the seismic response of underground 
structures. 

Selection of time histories that are compatible with 
target response spectrum will need to also account for the 
seismic setting and the contributing faults identified through 
deaggregation. Ground motion time histories will need to 
represent phenomena such as directivity and velocity 
pulses, as they can have significant impact on the 
performance of underground structures. 
 
3.3 Site response analysis 
 
Site response analyses allow for the evaluation of the 
impact of soil stratigraphy on the propagated seismic 
waves. This evaluation is commonly conducted in the form 
of 1-D site response analysis, Matasovic and Hashash 
(2012). A 1-D site response analysis is used to propagate 
reference rock ground motions through the soil column and 
to obtained motions within the soil column for use in more 
complex seismic soil-structure interaction analyses. A 
number of software platforms are available for performing 
1-D site response analysis using the equivalent-linear 
analysis method (e.g., SHAKE, Schnabel et. al, 1972, 
PROSHAKE, EduPro 2017, DEEPSOIL, Hashash et. al 
2016) and nonlinear site response analysis (e.g. DMOD, 
Matasovic and Ordonez, 2011, and DEEPSOIL).  

 
3.4 Ground failure potential 
 
Underground structures are vulnerable to a range of 
ground failures. Underground structures in liquefiable soils 
can experience significant displacements due to buoyancy, 
due to loss of lateral soil support, or due to related lateral 
spreading. Ground improvements or other measures to 
mitigate the impact of liquefaction and lateral spreading on 
the underground structure would have to be employed. The 
impact of various ground improvement techniques on the 
overall performance of the system in terms of seismic 
demand and deformations need to be assessed via well-
calibrated numerical simulations. 

When building a running tunnel, sometimes it is 
unavoidable for the alignment to traverse an active fault 
(Yu et. al, 2016). It is not possible to build a tunnel lining 
that resists fault displacements. Under these 
circumstances a variety of techniques are available to 
accommodate anticipated displacements such as 
enlarging the tunnel section with articulated lining. Even 
with fault movement, the tunnel can remain functional, and 
only limited repairs would be required.  

Seismic slope instability can impact underground 
structures in two ways. First, a deep-seated slope 
instability can encompass a tunnel (Wang et. al , 2001). A 
tunnel would have to be placed outside the possible zone 
of influence. Second, slope instability can block tunnel 
portals and render the underground structure inaccessible. 
Exposed slopes at portals would have to be evaluated and 
remedied, to mitigate against seismic slope instability.  
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3.5 Response to ground shaking 
 
Once the potential for seismically-induced ground failures 
is assessed and mitigated, the impact of transient ground 
motions on underground structure performance is 
undertaken.  
 
4 SIMPLIFIED APPROACHES TO SEISMIC 

EVALUATION OF UNDERGROUND STRUCTURES 
 
Wang (1993), Hashash et. al (2001), NCHRP611 provide 
detailed guidance on evaluation of seismic response of 
underground structures. An important premise of these 
approaches is that underground structures’ response to 
seismic shaking is dominated by the inertial response of 
the surrounding soil in contrast to aboveground structures. 
The response is primarily influenced by seismic velocities 
and displacements more so than accelerations. Hence, 
simplified approaches were developed to evaluate this 
seismic response. These are primarily pseudo-static 
approaches for which closed-form solutions are derived or 
solved numerically for more complex tunnel configurations. 

In a pseudo-static approach, the inertial response of the 
structure and soil are ignored. Seismically induced 
displacements are imposed either directly on the structure 
or on the soil surrounding the structure under static 
equilibrium conditions. Forces and deformations in the 
underground structure are then computed. 

A number of closed form solutions have been 
developed to estimate underground structure response 
under pseudo-static conditions. This is accomplished by 
imposing the free-field ground shear deformation along the 
soil boundaries and the corresponding structure racking is 
computed due to soil-structure interaction Hashash et. al 
(2010). For many underground structure configurations, 
there are no closed form solutions and numerical models 
are used to evaluate the structure racking. Wang (1993) 
presents design charts from some rectangular structure 
configurations. Hashash et. al (2010) provide a generalized 
approach to perform pseudo-static analyses in a multi 
layered soil. Using 1-D site response analyses, the free 
field ground deformations can be computed. Strain 
compatible stiffness properties for the various layers are 
then computed and the profile is then homogenized to 
derive an equivalent single soil layer over the underground 
structure horizon. The free field deformations are then 
imposed along the boundaries of a numerical model that 
includes the equivalent/homogenized soil layer and the 
underground structure elements.  

Some early pseudo-static models of underground 
structures used equivalent soil springs to represent the soil 
continuum. This was done due to computational necessity 
and convenience due to large computational costs or the 
absence of suitable software to represent both the soil and 
the structure reliably. This is no longer the case and the 
use of soil-spring representation is no longer needed and 
should be avoided. 

Pseudo-static approaches work well when ground 
deformations due to shaking are small, the underground 
structures have significant ground cover, and no adjacent 
structures are present impacting the seismic response of 
the tunnel. Otherwise the inertial response of the system 

becomes important and dynamic soil-structure interaction 
analyses are necessary to capture the structure response. 

 
5 ADVANCES IN SEISMIC SOIL-STRUCTURE 

INTERACTION SIMULATIONS 
 
Over the last two decades there has been phenomenal 
developments in computer hardware and software that 
greatly improved our ability to model the seismic response 
of underground structure. Several commercial software are 
now available that allows users to represent both the soil 
and the underground structural elements in a finite element 
or finite difference framework. These commercial software 
programs now include capabilities to model dynamic as 
well as static problems and three-dimensional in addition 
to two-dimensional representation of the structures and the 
surrounding ground. Improvements in computer hardware 
available to engineers have greatly reduced analysis time 
for simulations that would otherwise be computationally 
demanding.   

Important features in software platforms to represent 
soil-underground structure interaction under seismic 
conditions include: 
 Soil Model: the soil model representing the various 

strata needs to have the capability to model 
nonlinearity as a function of shear strain in addition to 
nonlinearity at large strains. This representation is 
essential for representing soil behavior. Moreover, the 
soil model needs to be able to represent its hysteretic 
response over a broad range of strains. The hysteretic 
behavior is usually represented using extended 
Masing unloading and reloading rules, though at large 
strains soil behavior departs from Masing behavior. 
Newly emerging state of the art soil models, can 
represent this departure in behavior, also referred to 
as non-Masing, in 3-D SSI simulations. For saturated 
soils, it is important to model the coupled response of 
the solid-fluid system under dynamic loading (Karimi 
and Dashti 2016a,b). A few widely used commercial 
software packages have soil models with the above 
desired characteristics and have been used on a 
number of large projects over the last five years. Wider 
adoption of these models and procedures can be 
expected over the next few years. 

 Structural Element Representation: The software will 
need to be able to represent the structure in the form 
of linear and/or nonlinear beam, shell and solid 
elements. The complexity of the representation varies 
and may include explicit representation nonlinear 
reinforced and unreinforced concrete, and nonlinear 
steel reinforcement. These complexities depend on 
the nature of the problem and the engineering 
behavior of interest. 

 Numerical Efficiency: The software platform needs to 
take advantage of parallel processing on multiple 
cores available in engineering workstations. Taking 
advantage of multi-core platforms greatly enhances 
the efficiency of numerical analyses. 

 Pre & Post Processing: Pre processers are essential 
to develop the required input geometry, connectivity, 
section and material properties, and boundary 
conditions for the analysis. Post processors are 
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necessary to extract and display model output from a 
large number of simulations in a manner that is 
meaningful and easy to use for design purposes to 
understand the system response under a variety of 
loading conditions. 

As illustrated in the next several sections, 3-D 
representation of soil-underground structure interaction 
has become accessible as well as necessary. Complex 
structural configurations and their response cannot be well 
understood without three-dimensional representation. 
Interaction between multiple structures and the soil is 
inherently a 3-D problem that lends itself readily to 3-D 
numerical modeling. 
 
6 UNDERGROUND STRUCTURES ADJACENT TO 

BUILDINGS 
 
In dense urban environments, underground structures are 
commonly constructed near tall buildings that can 
potentially transmit significant forces to the underlying soil 
and underground structures. The simplified design 
approaches discussed in Section 4 are often ill-suited for 
the design of underground structures in such an 
environment. Instead, designers often rely on complex 
numerical modeling to predict the response of these 
systems under seismic loading. The study presented in 
Dashti et al. (2016) and Musgrove et al. (2017) aimed to 
provide insights into the seismic soil-structure-
underground structure-interaction (SSUSI) of such 
systems using a combined experimental-numerical 
approach. The study evaluated the response of a 
permanent cut-and-cover box structure and a braced 
temporary excavation under three conditions: an 
underground structure in isolation, an underground 
structure adjacent to a 12-story midrise structure, and an 
underground structure adjacent to a 42-story highrise 
structure. These configurations were simplified analogues 
for conditions that are likely to be present in dense urban 
environments, and the model structures were designed to 
satisfy seismic building codes in the state of California at 
prototype scale. The configurations tested in the study 
were the largest and heaviest models ever tested in a 
geotechnical centrifuge at the time of testing. In total, 6 
centrifuge model configurations were tested, each under 6 
different earthquake motions, which were subsequently 
modeled numerically. The following sections discuss the 
behavior that was observed from the centrifuge testing and 
the corresponding behavior predicted by 3D numerical 
models. Figure 3 and Figure 4 show typical centrifuge 
experimental setup. 
 
6.1 Behavior Gleaned from Centrifuge Experiments 
 
The responses of the underground structures were 
evaluated in terms of accelerations, lateral wall 
displacements, and dynamic increment of lateral earth 
pressures. 

Accelerometer arrays were installed in the centrifuge 
models to measure the response under far-field conditions 
(approximating free-field conditions, away from the 
structures) as well as adjacent to and on the underground 
and aboveground structures. These measurements 

indicated that the presence of the adjacent superstructure 
had only minor effects on the peak ground acceleration 
(PGA) recorded on the underground structures. In all tests, 
the PGA measured the building-side and the free-side of 
the underground structures were approximately equal in 
magnitude and showed good agreement with those 
measured in the far-field array. The spectral accelerations 
at greater periods (above approximately 3 sec), however, 
were slightly reduced by the presence of the adjacent 
superstructure. 

The accelerometer time histories recorded on the walls 
of the underground structures were double integrated to 
obtain displacement time histories. Similar to the 
accelerations, the lateral displacements on both walls were 
found to be approximately equal in magnitude in any given 
test. However, the displacements measured in the 
presence of the highrise were smaller than those measured 
in the presence of the midrise. In both configurations, the 
measured displacements were smaller than when the 
corresponding underground structures were in isolation. 
These results indicate that the presence of the adjacent 
superstructure and foundation constrained the lateral 
movement of the underground structure. 

Earth pressures were measured in the centrifuge using 
tactile pressure sensors, each composed of a grid of 
individual sensels. Pressure measurements made in 
centrifuge with tactile sensors are, in general, highly 
sensitive to the calibration and installation methods as well 
as the model construction routine, sensel size relative to 
soil particle size and packing, and interface conditions 
between the sensor, structure, and soil (Gillis et al. 2016). 
Further, the recordings of tactile pressure sensors in 
general are more reliable dynamically compared to their 
pre-shake or post-shake static values, as shown through 
comparisons with pressures obtained indirectly from strain 
gauges (Jones 2015). Therefore, the static pressure 
profiles measured experimentally were considered less 
reliable and of less interest than the dynamic (transient) 
increment of earth pressure. 

The reduced displacements discussed previously were 
correlated with larger dynamic increments of earth 
pressure acting on the walls of the underground structures. 
There was a notable difference in the shape of the earth 
pressure distributions observed on the walls of the 
underground structure with and without the adjacent 
aboveground structure. While the isolated underground 
structure experienced a typical triangular distribution 
(increasing with depth), the shape of the dynamic lateral 
earth pressure profiles (at the time corresponding to 
maximum thrust) recorded in the configurations with an 
adjacent building structure was approximately bi-linear with 
a minimum occurring at approximately the mid-depth of the 
wall and maxima occurring at the top and bottom of the 
wall, for the configurations evaluated in this study. This 
shape is markedly different compared to those for the 
isolated underground structure configurations as well as 
those predicted by typical design procedures. These 
results indicate that the presence of the adjacent basement 
wall and aboveground structure may have a direct and 
significant influence on the distribution and magnitude of 
dynamic earth pressure distributions experienced by the 
underground structures. Importantly, the increase in 
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seismic lateral thrust on the building side of the 
underground structure was experimentally shown to be 
correlated with the base shear of the adjacent 
superstructure. 
 
6.2 Behavior Reproduced in Numerical Models 
 

Numerical models of each centrifuge test were 
constructed at prototype scale using the finite element 
software LS-DYNA. The free-field soil behavior and 
structural responses were evaluated independently and 
then combined to model the complete SSUS system. 
Figure 5 through Figure 8 show the developed numerical 
models. The model inputs were developed using the as-
built configurations of the centrifuge tests. Material 
properties were developed using laboratory testing data 
collected prior to centrifuge testing. The soil or structural 
parameters were not adjusted to match the centrifuge 
experimental results. The boundary conditions along the 
external perimeter of the model had the most significant 
impact on the numerical results. By imposing equal-
degree-of-freedom constraints along the exterior of the 
model, the physical behavior of the centrifuge container 
was reasonably captured without the burden of either 
calibrating an additional structural system (i.e. directly 
modeling the container) or the properties of soil-container 
interface. The bottom of the numerical model was treated 
as a rigid boundary with prescribed accelerations as 
recorded in the corresponding centrifuge test. 

For each numerical model, simulation data was 
extracted at locations corresponding to the position of 
sensors in the centrifuge models. Overall, the numerical 
models showed very good agreement with the behavior 
observed experimentally. The best agreement between the 
experimental results and simulation data was observed in 
terms of acceleration time histories and PGA’s and spectral 
accelerations at moderate to long periods in the far-field 
arrays and at the points along the walls of the underground 
structures. The displacement comparisons showed 
somewhat more variability. The displacements from the 
numerical models are a direct result of the numerical 
simulation. However, the experimental results were 
obtained via double-integrating the recorded acceleration 
time histories. The lateral displacement profiles predicted 
numerically were generally in good agreement with the 
experimental results. The numerical results also exhibited 
similar trends in the differences in displacements on the 
building-side and free-side of the underground structures, 
again indicating that the presence of the adjacent 
foundation and aboveground structure acted to constrain 
the movement of the underground structure. 

The largest differences observed between the 
simulation and experimental results were in the 
comparisons of earth pressure profiles. Due to the 
uncertainty in the reliability of the static pressure profiles, 
the comparisons were limited to the dynamic increment of 
earth pressure. The numerical simulations generally 
showed good agreement with the experimental results over 
much of the depth of the underground structures, with 
greater variability at depth. The profile of dynamic 
increment of earth pressure exhibited trends similar to the 
experimental results with the isolated underground 

structure experiencing an approximately triangular 
distribution, and the underground structures adjacent to 
aboveground structures again experiencing an 
approximately bi-linear distribution with a minimum 
occurring at approximately the mid-depth of the wall and 
maxima occurring at the top and bottom of the wall. 
Representative plots of wall displacements and earth 
pressures are shown in Figure 9 with the corresponding 
accelerations shown in Figure 10 for the configuration with 
a permanent tunnel adjacent to a midrise structure. The 
dynamic earth pressure profiles are presented at the time 
corresponding to maximum thrust in Figure 9. 
 
6.3 Modeling Logistics 
 
Efficient management of the numerical analyses is an 
essential ingredient in the success of large scale numerical 
simulations:  
 All models in this study had 25,000 – 30,000 elements.  

Most of the elements were single-point (8-node) 
solids. The foundations and underground structures 
are single-point (4-node) shells.  Structural members 
were beam elements.  All struts are truss elements.  
The motions used in the analyses were 15-30 seconds 
in length. 

 All of the models were built using LS-PrePost, a pre-
processor provided with LS-DYNA. 

 Each of the models took between 3 and 4 hrs to 
analyze using 4 processor cores. 

 An unattended analysis management tool for 
Windows was built using the .Net framework. The tool 
manages all instances of the LS-DYNA solver.  Using 
this tool, all 36 analyses were completed in 
approximately 24 hrs using a single 32-core server (4 
cores/model). 

 An unattended post-processor tool for Windows using 
the .Net framework and Python for the actual post-
processing and plotting.  The tool provides automated 
extraction of stresses, strains, accelerations, and 
displacements.  Using this tool, the results from all 36 
analyses were post-processed in less than 5 min.  

 
6.4 Lessons Learned 
 
The overall response of the SSUS system modeled in the 
centrifuge experiments indicates that the seismic 
interaction of tall buildings, foundations, soil, and adjacent 
underground structures can be successfully modeled, 
measured, and evaluated in a centrifuge (Dashti et al. 
2016). The numerical study conducted in parallel provided 
good predictions of the experimentally observed behavior 
(Musgrove et al. 2017). Additional studies of these systems 
and further verification of numerical modeling tools will 
greatly enhance engineering design and analysis. 
However, this study illustrated the great potential of 
including 3-D, nonlinear numerical modeling in 
performance-based engineering design approaches. 
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Figure 3. Photograph of a centrifuge experiment with a 
model highrise building adjacent to a permanent box 
structure (after Gillis 2015) 
 

 
Figure 4. Photograph of centrifuge model preparation with 
a midrise structure basement next to a temporary braced 
excavation (after Gillis 2015)

 
 
Figure 5. Mesh configuration for modeling the permanent 
box structure 

 
Figure 6. Mesh configuration for modeling the temporary 
box structures

 
 
Figure 7. Numerical model configuration for highrise 
building next to a permanent tunnel.  

 
 
Figure 8. Numerical model configuration for midrise 
building next to a temporary excavation.
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Figure 9. Numerical and experimental comparison of tunnel wall maximum relative horizontal displacements and lateral 
earth pressures from the test with a midrise structure adjacent to a tunnel subjected to one representative motion (1999 
Chi Chi Earthquake Record recorded at station TCU078). 

 
 

Figure 10. Numerical and experimental comparison of tunnel wall accelerations from the test with a midrise structure 
adjacent to a tunnel subjected to one representative motion (1999 Chi Chi Earthquake Record recorded at station 
TCU078).
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The behavior observed in the study indicates that seismic 
forces experienced by shallow underground structures 
adjacent to large superstructures may be significantly 
different than those predicted by traditional simplified 
design approaches that assume the underground structure 
is in isolation. Sound experimental and numerical analysis 
approaches and properly calibrated numerical models 
were found to allow for the evaluation of such unique and 
complex problems. This study illustrated that 3-D, 
nonlinear numerical models are an ideal tool for 
performance-based design of underground structures 
under different intensities of seismic loading that should be 
employed in a comprehensive design approach to 
complement simplified design methods. 
 
7 BURIED RESERVOIRS 
 
In a number of urban areas, open water supply reservoirs 
are being replaced with buried concrete reservoirs. This 
includes the cities of San Francisco, Los Angeles, and 
Seattle located in highly seismic zones. A typical structure 
consists of floor, wall, and a column support roof (see 
Figure 11 and Figure 12, US Pacific Northwest). These 
reservoir structures are embedded in soil; however, they 
tend to be shallow with only a few feet of soil backfill cover 
on the roof. These structures have aspect ratios close to 
those of a pizza box than more conventional underground 
structures. The evaluation of the seismic response of these 
buried reservoirs lends itself to neither design approaches 
for aboveground structures, nor simplified design 
approaches for underground structures.  

Experimental studies of simplified representations of 
underground reservoirs were conducted by Dashti and her 
co-workers (Dashti et al. 2013; Hushmand et al. 2016a,b). 
These studies examined the development of seismic earth 
pressures, bending moments, and deformations on 
reservoir walls with a range of structural stiffness values, 
soil properties, backfill geometries, and container boundary 
conditions during seismic shaking in centrifuge.  

The magnitude of seismic thrust was shown to increase 
and the distribution of seismic earth pressures were shown 

to change from approximately triangular to parabolic with 
increasing structural stiffness (Hushmand et al. 2016b). 
Heavier and stiffer structures were also subject to smaller 
flexural deflections. The frequency content of transverse 
acceleration, dynamic thrust, and bending moment 
measured on the structure walls was also shown to be 
strongly influenced by those of the base motion and site 
response, but unaffected by the fundamental frequency of 
the buried structure. Importantly, it was shown 
experimentally that none of the commonly used simplified 
procedures can adequately capture the structural loading 
and deformations across the range of stiffnesses and 
ground motions for which these buried reservoir structures 
must be designed. It was also unclear whether the current 
methods of analysis provide results that are conservative 
or not conservative for engineering design purposes. This 
experimental study identified the need for improved 
methodologies to analyze and design underground 
reservoir structures. 

Numerical modeling provides a versatile tool to 
examine complex soil-structure interaction effects near 
buried reservoir systems (Figure 13 and Figure 14 of 
reservoirs in the US Pacific Northwest). The numerical 
analyses illustrated the important role of the roof’s inertial 
response on the forces transmitted to the walls and the wall 
footings, more so than soil induced racking.  

The numerical model for reservoir shown below had the 
following characteristics:  
 Model Size: up to 1100' x 900' x (135' -150') 
 Degrees of freedom: 4.5 to 5.5 million 
 Element types used: nonlinear beams, linear shells, 

nonlinear solids 
 Run time: 1-2 hours per second of ground motion 
 Multiple runs were performed at the same time using 

computer clusters for efficiency 
 Scripts were developed to automatically post process 

the data for evaluation and design 
 Model validation, data evaluation and interpolation, 

and proper understanding of the model response are 
what the engineer needs to focus on 

 
 

 
 
Figure 11 Photo of a buried reservoir during construction 

 

 
 
Figure 12 Photo of a buried reservoir during construction 
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Figure 13 Model of buried reservoir including soil 
stratigraphy and structural details of the 
reservoir/columns. 

 
 
 

 
Figure 14 Simulated deformed shape of the reservoir 
structure due to seismic shaking 
 

8 SUBWAY STATIONS 
 
Subway stations in many urban areas, while mostly or 
wholly below the ground surface, are generally shallow 
structures. They are built using cut-and-cover excavation 
techniques and have relatively thin shallow covers. The 
geometry of these stations can be complex with egress 
shafts and stairways, internal walls, and other elements. 
Simplified analysis approaches cannot capture these 
complex interactions.  

Figure 15 through Figure 18 show example models 
developed for subway stations that represent important 
structural details as well as the soil stratigraphy/island in 
which the structure is embedded. The 3-D analyses with 
corresponding 3-D ground motions can provide important 
details that could not be captured using simplified methods, 
especially regarding the development of chord forces in the 

roof, horizontal tension forces in the walls, forces in internal 
cross-walls and at structural discontinuities, and force 
redistribution due to element yielding. 

The numerical model for subway stations can generally 
have the following characteristics:  
 Model Size: up to 1000’x1000’x(100’-150’) 
 Degrees Of Freedom: 1 to 1.5 million 
 Elements used: nonlinear and linear beams, 

nonlinear and linear shells, nonlinear solids  
 Run time: ½ - 1-½ hours per second of ground 

motions (shorter time for smaller and linear 
models) 

 
 
 
 

 
 
 

 
 
Figure 15 Model of a long and narrow station structure. 
 

 
 
 
Figure 16 Model of a shorter and wider station structure. 
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Figure 17 Sample station model with the soil island. 

 
 
Figure 18 Deformed shaped of a sample station structure. 
 

9 PROFESSIONAL PRACTICE CONSIDERATIONS 
 
The evaluation of seismic vulnerability of underground 
structures does not lend itself readily to traditional 
disciplinary expertise as embodied in geotechnical 
engineering and structural engineering. A team of 
engineers familiar with principals of both geotechnical and 
structural engineering is often needed to develop the more 
complex models. This is required to ensure a balanced 
understanding of the system response, which is then 
reflected in the type of analyses conducted including 
advanced 3-D soil-structure interaction models as well as 
interpretation and understanding of the results. 
Unfortunately, in practice one discipline often tries to 
dominate the evaluation of the system behavior at the 
expense of the other discipline. These biases need to be 
avoided and disciplinary barriers need to be overcome in 
the interest of performing a seismic evaluation that truly 
addresses the system behavior that is at the heart of 
performance based seismic evaluation. Neither discipline, 
structural and geotechnical engineering are equipped to 
handle this evaluation on its own and they both need to 
collaborate closely together as well as with engineering 
seismologist who are responsible for defining the seismic 
hazard and developed the ground motions. 
 
10 CONCLUDING REMARKS 
 
Significant advances in the seismic evaluation of 
underground structures have been made in the last 20 
years. Simplified and pseudo-static approaches are useful 
for developing preliminary estimates of seismic demands 
on underground structures and when dealing with simple 
structure configurations. Engineers are constantly being 
challenged to understand the response of shallow and 
deep underground structures with a range of flexibilities 
under severe seismic shaking and complex loading from 
adjacent structures. Experimental and numerical analyses 
of these complex structures demonstrate the limitations of 
simplified approaches and the need to consider the 
dynamic interactions fully. The availability of efficient 3-D 

numerical analysis tools, some of which calibrated using 
physical model studies for a range of soil conditions, 
provide the engineer with powerful tools to develop a more 
reliable and holistic understanding of complex interactions 
at a system level. These developments are facilitating the 
move of the design of underground structures towards 
performance based framework that can account for the 
range of uncertainties (from geotechnical, structural, and 
seismological sources) associated with these challenging 
systems. 
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