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Centrifuge experiments were conducted to investigate the seismic response of stiff-unyielding buried
reservoir structures with varying stiffness in medium-dense, dry sand. The results of these tests were
used to evaluate the predictive capabilities of Class-C and C1, nonlinear, finite element analyses of the
seismic response of these relatively stiff buried structures. All simulations were performed in two di-
mensions using the pressure-dependent, multi-yield-surface, plasticity-based soil constitutive model
(PDMY02) implemented in OpenSees. For Class-C simulations, model parameters were calibrated based
on the available cyclic simple shear tests on the test soil. For Class-C1 simulations, the same soil model
was used along with user-defined modulus reduction curves that were corrected for soil's implied shear
strength. The use of shear modulus reduction curves, which modeled a softer soil response compared to
PDMY02, generally improved the prediction of site response in the far-field as well as seismic racking
deformations, earth pressures, and bending strains on the structures. Experimentally, the dynamic
thrust, racking, and bending strains on or of the model structures were shown to primarily peak near the
strain-dependent fundamental frequency of the site, regardless of the fundamental frequency of the
structure itself. This influence in addition to other important response parameters were captured rea-
sonably well by Class-C1 simulations, with residuals ranging from �0.25 to 0.2.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Underground box structures have generally performed well
during previous earthquakes except for a few cases of damage
(e.g., Daikai Subway Station during the 1995 Hyogo Ken Nanbu
Earthquake; Balboa water treatment plant during the 1971 San
Fernando Earthquake), which show the importance of designing
them safely for seismic loading. The current state of practice for
analyzing the seismic performance of underground reservoir
structures relies heavily on simplified analytical methods that do
not fully capture the kinematic constraints imposed on these
structures. These procedures are often either based on the as-
sumption of a yielding wall, which displaces sufficiently to develop
an active condition (e.g., [19,21,25]), or a rigid-unyielding wall,
which undergoes no deformation (e.g., [32]). Underground re-
servoir structures fall in neither of these two extreme categories.
shti).
They exhibit some deformation depending on their stiffness, but
they deform less than a vertical structure buried in the ground.
This is because the walls of a reservoir structure are restrained
against large deformations at their roof and base [12].

Soil-structure interaction (SSI) near relatively stiff buried
structures depends on the stiffness and geometric constraints of
the structure, properties of the backfill soil, soil-structure interface
properties, and characteristics of the earthquake motion. Ad-
vanced numerical tools can model the stiffness and geometric
constraints of structures, soil nonlinearities during strong dynamic
loading, and the interface conditions between the soil and struc-
ture, in order to predict the seismic performance of structures.
Previous numerical simulations of the seismic response of yielding
or unyielding walls typically used linear, equivalent-linear vis-
coelastic, or elastic perfectly-plastic backfill soil properties (e.g.,
[23,24,30,31,36]) to evaluate the influence of wall flexural rigidity,
base and translational flexibility, and soil properties on the am-
plitude and distribution of earth pressures and deformations.
Seismic earth pressures on stiff-unyielding structures have not
been studied adequately using advanced numerical analyses with
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Table 1
Dimensions and properties of three equivalent model structures used in centrifuge in prototype scale [12].

Structure Height and width (m) (outer edge to outer edge) Thickness (cm) Lateral stiffness (kN/m2) Fundamental frequency (Hz)

Base Roof Walls

Baseline 10.4 and 12.2 69 37 56 9.0 4.0
Flexible 50 28 28 1.8 2.0
Stiff 146 112 113 131.4 9.9

Note: Model structures were 17.46 m long (approximately equal to the inside width of the centrifuge container).
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nonlinear, pressure-dependent soil properties and realistic interface
conditions. Capturing soil's nonlinear response is particularly im-
portant in the analysis of reservoir structures, because they are of-
ten designed for strong levels of shaking inducing large strains in
the backfill soil. Further, many of the previous numerical methods
with realistic conditions were not sufficiently validated against case
histories or experimental studies for stiff-unyielding structures.

Most of the previous experimental studies have focused on the
seismic response of yielding retaining walls [1,5,18,20,22,27,28].
Recent dynamic centrifuge tests have also been performed on re-
latively flexible, rectangular tunnels in cohesionless soils (e.g.,
[6,,30]). These tunnels, however, were more flexible and buried
deeper than those representative of reservoir structures near the
surface.

A series of three centrifuge experiments were recently con-
ducted by Hushmand et al. [12] at the University of Colorado
Boulder to evaluate the seismic performance of relatively stiff
underground structures buried in an 18.6 m-thick layer of dry,
Nevada Sand at a relative density (Dr) of approximately 60%. Three
different model box structures were designed to represent sim-
plified prototype reinforced concrete buried reservoir structures of
varying stiffness characterizing those evaluated by the Los Angeles
Department of Water and Power (LADWP). The structures had
10.4 m high walls that were restrained against rotational move-
ment at the top and bottom by their roof and floor. Additionally,
the reservoir's foundation could rock or slide on the soil. Hush-
mand et al. [12] showed experimentally that none of the com-
monly used procedures (e.g., [2,19,21,25,32]) could adequately
capture the loading and deformations experienced by reservoir
structures for the range of stiffness and ground motions con-
sidered in their design. These experiments enabled a compre-
hensive and fundamental evaluation of the influence of structure
stiffness and ground motion characteristics on seismic SSI as well
as lateral earth pressures, racking deformations, and bending
strains experienced by stiff-unyielding buried structures.

The centrifuge experiments performed by Hushmand et al. [12]
are used in this paper to evaluate the ability of Class-C and C1,
nonlinear finite element analyses of the soil-structure system in
simulating the response of stiff-unyielding structures buried in
medium-dense, dry sand. Even though centrifuge experiments do
not represent the complexities of real field conditions, they enable
validation of numerical tools that may later be used in modeling
more complex conditions. The prediction classification used in this
paper is based on that described by Lambe [16]. A Class-C pre-
diction is one made after the experiment without knowing the
results at the time of the prediction. A Class-C1 prediction is one
made after the event, while knowing the results of the experiment
at the time of prediction.

All simulations of the centrifuge tests presented in this paper
were performed using the pressure-dependent, multi-yield-sur-
face, plasticity-based soil constitutive model (PDMY02) im-
plemented in OpenSees by Elgamal et al. [9] and Yang et al.
[34,35]. The PDMY02 soil constitutive model parameters for Class-
C simulations were calibrated based on the available cyclic simple
shear tests (e.g., detailed by Karimi and Dashti [14,15]) on the test
soil. Class-C1 simulations were performed with the same soil
model as the Class-C but with manually adjusted shear modulus
reduction curves, in order to better capture centrifuge experi-
mental results. In this paper, we discuss and compare the
predictive ability of Class-C and C1, nonlinear finite element
simulations in capturing seismic SSI, accelerations, deformations,
and lateral earth pressures on underground reservoir structures.
2. Overview of centrifugre experiments

A series of three centrifuge experiments were conducted at the
University of Colorado Boulder, all with similar soil conditions,
instrumentation, and structure outer dimensions but different
thickness and stiffness of the model underground structures.
These three tests, referred to as T-Flexible, T-Baseline (or T-BL),
and T-Stiff, were named according to the relative stiffness of the
underground structure, as detailed by Hushmand et al. [12]. All the
three models were spun to 60 g of centrifugal acceleration, and a
sequence of five earthquake motions were applied to the model
specimen in flight in the same order. All the dimensions presented
in this paper are in prototype scale, unless stated otherwise.

2.1. Properties of underground structures

Three simplified, equivalent, scaled box structures were de-
signed in centrifuge to simulate the mass, lateral stiffness, and
natural frequency of complex prototype, buried, reinforced con-
crete, water reservoir structures. The structures were designed
with uniform 1018 Carbon Steel (density¼7870 kg/m3; Young's
Modulus¼200 GPa; Poisson's ratio¼0.29). As summarized in
Table 1, the outer dimensions of the three structures were kept the
same, while their thicknesses were varied to change their stiffness.

2.2. Soil properties, model preparation, and instrumentation

Fig. 1 shows the model configuration and instrumentation in
the three experiments. Nevada sand (Gs¼2.65; emin¼0.56;
emax¼0.84; D50¼0.13 mm; Cu¼1.67) was dry pluviated into a
flexible-shear-beam (FSB) centrifuge container to achieve a uni-
form soil layer with a relative density of DrE60% or a dry unit
weight of 15.6 kN/m3. The transfer functions of surface to base
accelerations in the far-field under centrifuge ambient vibrations
indicated a small-strain, soil fundamental frequency (fso) ranging
from about 2.1 to 2.4 Hz (corresponding to an average, small-
strain, shear wave velocity, V̄s, ranging from about 156 to 179 m/s),
while the transfer functions obtained from earthquake motions
indicated strain-dependent, effective site fundamental frequencies
(fso′) ranging from about 1.0 to 1.7 Hz (average, effective V̄s’ ran-
ging from 74 to 126 m/s). The estimated small strain V̄s of the far-
field soil prior to shaking agreed with but was slightly smaller than
those estimated using the empirical procedures recommended
by Seed and Idriss [26] and Bardet et al. [4] for sand.

Teflon sheets were used on the container sides and ends of the
structures to reduce friction at the structure-container interface.



Fig. 1. Schematic and layout of centrifuge experiments in prototype scale [12].
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Nevada sand was glued to the base of the structures to provide a
more realistic interface friction between the structure and the soil.
As shown in Fig. 1, data was collected with accelerometers, tactile
pressure sensors, strain gauges, and LVDTs. The accelerometer ar-
ray A1-4 representing far-field conditions (approximating free-
field) was placed 11.1 m from the wall of the structure and 3.7 m
from the inner boundary of the flexible container. Even though use
of an FSB container is expected to reduce boundary effects, the far-
field location in these experiments was likely still influenced to
some degree by boundary effects as well as soil-structure inter-
action. Therefore, it was important to mimic similar conditions
numerically for a proper comparison, as opposed to simulating a
true free-field condition. The tactile sensors were first thoroughly
de-aired, conditioned, equilibrated, and calibrated statically ac-
cording to the procedure recommended by Tessari et al. [29]. Then,
they were dynamically calibrated using the procedure described
by Gillis et al. [10].

2.3. Ground motions

Scaled, horizontal components of the following recordings
were applied to the base of the model in each experiment: Sylmar
Converter Station during the 1994 Northridge Earthquake (NSC52),
the LGPC Station during the 1989 Loma Prieta Earthquake
(LGP000), and the Istanbul Station during the 1999 Izmit Earth-
quake in Turkey (IST180). These motions were chosen to evaluate
the influence of different ground motion characteristics (i.e., in
Fig. 2. Container base motions as recorded in T-BL and input into the numerical simula
terms of intensity, frequency content, and duration) on the per-
formance of the buried structures and their interaction with the
surrounding soil. Fig. 2 shows the acceleration response spectra
(5% damped) and Arias Intensity time histories of the base motions
achieved (or measured) in T-BL, and Hushmand et al. [12] provided
more details on their properties. The achieved base motions varied
slightly during different experiments because of the variation in
model weights and natural frequencies. Therefore, it was im-
portant to use the actual recording of the base motion during the
numerical simulation of the corresponding test.
3. Numerical simulations

The centrifuge tests described in the previous section were
numerically simulated using the pressure-dependent, multi-yield-
surface, plasticity-based soil model (PDMY02) implemented in
OpenSees by Elgamal et al. [9] and Yang et al. [34]. Nonlinear soil
constitutive models have many parameters to calibrate, often
making them impractical in engineering design. However, in the
seismic design of underground reservoir structures, strong ground
motions are regularly selected due to the sensitivity of these
structures. Under such strong levels of shaking and shear strains,
equivalent-linear viscoelastic or elastic perfectly-plastic soil con-
stitutive models become increasingly limiting. Hence, the PDMY02
model, despite its many parameters, was used in this study to
model the nonlinear behavior of the retained soil. Hashash et al.
tions: (a) 5%-damped spectral accelerations; and (b) Arias Intensity time histories.



Fig. 3. (a) The small-strain Vs profile used in the numerical simulations of Nevada sand compared with two empirical procedures; (b) the maximum allowed and selected
element size with depth.

Fig. 4. The mesh configuration used in the numerical simulation of centrifuge
experiments.
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[11] showed the promise of this constitutive model in analyzing
site response in medium-dense, dry sand as compared to cen-
trifuge measurements, when combined with user-defined mod-
ulus reduction curves expected for the test soil. The numerical
analyses presented in this paper were conducted in prototype
scale and in two dimensions (2-D) assuming plane strain
conditions.

Soil and underground structures were all modeled using
SSPquad elements [17]. A linear-elastic material was adopted to
simulate the response of the underground structures, with ap-
propriate properties (density, Young's modulus, and Poisson's ra-
tio). Node-to-segment, frictional contact, zero-length interface
elements of type zeroLengthContactNTS2D [33] were used be-
tween soil and structure elements to allow for relative movements
between the soil and a buried structure. This interface element
follows the classical Coulomb friction law, and the interface fric-
tion was defined as tan(ϕinterface)¼0.7 tan(ϕsoil).

The element size was selected to allow shear wave propagation
in the frequency range of interest. Fig. 3a shows the small-strain Vs

profile in soil predicted from two empirical equations compared to
the default estimates by the PDMY02 model. A maximum fre-
quency (fmax) of 15 Hz was conservatively assumed during dy-
namic loading, which was beyond the capacity of the shaking table
under increased gravity (typically around 400 Hz in model scale,
which translates to 6.7 Hz in prototype scale). The maximum al-
lowable element size at each depth was then estimated as:
hallowable¼minimum wavelength/8¼λmin/8¼(Vs/fmax)/8. The
adopted mesh size was smaller than the maximum allowable size,
as shown in Fig. 3b. Fig. 4 shows the mesh configuration of a
representative model (T-BL). The displacement degrees of freedom
were tied for each pair of nodes on side boundaries at the same
elevation, to represent the physical conditions imposed by the
centrifuge container.

The PDMY02 soil constitutive model parameters for Class-C
simulations were calibrated based on the available cyclic simple
shear (CSS) tests on Nevada sand with different values of confining
stress, relative density, and cyclic stress ratio performed by Ar-
ulmoli et al. [3] and Kammerer et al. [13]. Karimi and Dashti
[14,15] provided a comparison of the numerically simulated (using
the PDMY02 model) and experimentally measured soil response at
an element level in CSS tests, which are not repeated here for
brevity. Table 2 summarizes the calibrated soil model parameters
used in this study.

The same motions recorded in each centrifuge test were ap-
plied to the base of the corresponding numerical model in the



Table 2
Summary of PDMY model parameters for Nevada sand [14,15].

Parameter Value Unit Description

Dr 60 61 64 69 74 % Relative density
e 0.67 0.67 0.66 0.65 0.64 – Void ratio
ρ 1.59 1.59 1.60 1.61 1.62 ton/m3 Saturated unit weight

′pr 101 101 101 101 101 kPa Reference effective confining pressure

Gmax,1,oct 68.95 70.25 73.42 78.23 83.86 MPa Octahedral low-strain shear modulus

γmax,r 0.1 0.1 0.1 0.1 0.1 – Maximum octahedral shear strain

Br 184.09 187.57 196.06 208.91 223.95 MPa Bulk modulus

d 0.5 0.5 0.5 0.5 0.5 – Pressure dependency coefficient
φTXC 34.3 34.3 34.8 36.2 37.1 deg. Triaxial friction angle used by model
φPT 26.3 26.3 26.4 26.0 26.1 deg. Phase transformation angle
c1 0.040 0.042 0.036 0.020 0.019 – Control the shear-induced volumetric change, contraction tendency based on the dilation history, and

overburden stress effect, respectivelyc2 2.85 2.72 2.30 1.50 1.49 –

c3 0.21 0.21 0.19 0.15 0.15 –

d1 0.07 0.07 0.09 0.15 0.18 – Reflect dilation tendency, stress history, and overburden stress, respectively

d2 3.0 3.0 3.0 3.0 3.0 –

d3 0.0 0.0 0.0 0.0 0.0 –

NYS 20 20 20 20 20 – Number of yield surfaces generated by model
liq1 1.0 1.0 1.0 1.0 1.0 – Account for permanent shear strain (slip strain or cyclic mobility) in sloping ground

liq2 0.0 0.0 0.0 0.0 0.0 –

Fig. 5. Normalized modulus reduction curves used in the Class-C and C1 numerical
simulations. Class-C simulations used the default PDMY02 curve in OpenSees.
Class-C1 simulations used the mean and meanþ1 standard deviation (upper)
curves proposed by Darendeli [7].
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same sequence. After the application of each motion, the soil
densified, as confirmed by LVDT recordings at different locations.
The far-field settlement measurements in each test were used to
estimate, in a simplistic manner, the change in soil relative density
(Dr) under 1-D conditions. This change in soil Dr was taken into
account in estimating soil model parameters for the subsequent
motions in the numerical simulations, as shown in Table 2.

No modulus reduction curve was used other than that pre-
dicted by default by the PDMY02 model in OpenSees for Class-C
predictions. A small-strain, Rayleigh damping value of 2% was
implemented at the fundamental frequency of the site. Based on
the comparison of Class-C numerical results with experimental
measurements, particularly the response in the far-field, Class-C1
simulations were performed with the same soil constitutive model
parameters as Class-C but this time with user-defined, shear
modulus reduction curves (G/Gmax versus γ) that were corrected
for soil's implied shear strength (similar to the approach taken by
[11]), in order to better capture the response measured in cen-
trifuge. Table 3 summarizes the parameters used to obtain the
mean and one standard deviation above mean (upper) G/Gmax

curves proposed by Darendeli [7], and Fig. 5 compares these
curves with the default response of the PDMY02 model. The rea-
sons behind using these Darendeli's curves in Class-C1 simulations
and the comparison of results with centrifuge recordings will be
discussed in the following sections.
Table 3
Parameters used to ob-
tain [7] modulus reduc-
tion curves for Nevada
sand.

Parameters Values

K0 0.44
PI (%) 0
N (cycles) 10
f (Hz) 1
OCR 1
4. Comparison of experimental and numerical results

4.1. Accelerations in the far-field and on the structure

Evaluation of numerical predictions started with site perfor-
mance (in terms of acceleration and settlement) in the far-field, a
location away from the buried structures to minimize the com-
plexities introduced by soil-structure interaction. The goal was to
evaluate the ability of nonlinear, time-domain, site-response
analyses in capturing the 1-D propagation of horizontal shear
waves through uniform dry sand, the strain-compatible effective
fundamental frequency (fso′) of the site, and shaking-induced
permanent settlements in the far-field. The transfer function (TF)
of accelerations at the soil surface in the far-field to container base
were first compared among the experiments and simulations, as
shown in Fig. 6 for a representative experiment (T-BL) and three
representative motions. Fig. 7 compares numerically predicted
accelerations with those measured in centrifuge along the far-field



Fig. 6. Experimental and numerical transfer functions (TFs) of surface to base acceleration in the far-field in T-BL during three representative motions.

Fig. 7. Experimental and numerical 5%-damped spectral accelerations and Arias Intensity-time histories in the far-field during the Northridge_L and Northridge_H motions
in T-BL.
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Fig. 8. Experimental and numerical settlements in the far-field during three representative motions in T-BL.
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soil column in terms of 5%-damped acceleration response spectra
and Arias Intensity time histories. Fig. 8 compares numerically
predicted soil surface settlements in the far-field with those
measured during different motions.
Fig. 9. Experimental and numerical spectral ratios of structure to far-field acceleratio
The fso′ of the far-field soil corresponding to the peak value of
surface to base TF's was experimentally observed to range from
approximately 1–1.7 Hz during the motions employed in this
study. Although far-field surface settlements were predicted well
n (5%-damped) for different structures and three representative ground motions.
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by Class-C simulations (Fig. 8), the amplification of accelerations at
higher frequencies and hence, the fso′ of the site were over-
estimated during all motions (Fig. 6). This also led to the over-
estimation of acceleration response spectra at higher frequencies
as well as Arias Intensities, particularly near the soil surface in the
far-field (Fig. 7). In Class-C predictions, the shear modulus reduc-
tion of soil was estimated automatically by the PDMY02 model
(Fig. 5). From the far-field comparisons, the soil behavior predicted
by the PDMY02 model was judged to be too stiff.

The effective fundamental frequency of the site (fso′) was
known to have a significant impact on the response of relatively
stiff underground reservoir structures, as demonstrated experi-
mentally by Hushmand et al. [12]. Therefore, in Class-C1 predic-
tions, slightly reduced G/Gmax curves (the mean and meanþ1
standard deviation curves proposed by Darendeli [7]) were
manually defined in OpenSees to better match the acceleration
response in the far-field. These user-defined curves were corrected
for the implied shear strength of soil (e.g., [11]). The predicted
accelerations and fso′ generally improved near the surface, parti-
cularly with the use of the upper (i.e. meanþ1 standard deviation)
Darendeli G/Gmax curves, as shown in Figs. 6 and 7. Using a softer
soil response in OpenSees, however, increased the error in the
predicted far-field settlements, as shown in Fig. 8.

The change in accelerations due to the presence of the under-
ground structure was monitored experimentally and numerically,
to evaluate the influence of soil-structure interaction (SSI) on ac-
celerations near buried reservoir structures. Fig. 9 compares the
numerically predicted and experimentally measured spectral ra-
tios of acceleration at the roof of the structure to that in the far-
field soil surface during three representative motions.
Fig. 10. Experimental recordings and numerical predictions of racking in the far-field d
clarity; (b) Fourier Amplitude Spectra.
Experimentally, increasing the confinement and structure stiffness
were observed to reduce the amplification of structure to far-field
spectral ratios. This pattern was captured numerically. However,
near the roof, all numerical simulations slightly underestimated
the amplification of accelerations on the structure. The connection
between soil and structure elements were therefore slightly too
stiff, restraining the independent horizontal movement of the
structure near its roof compared to what was observed experi-
mentally, as shown in Fig. 9. Further, Class-C predictions with the
default, stiffer, PDMY02 modulus reduction response often over-
estimated the frequency at which the peak spectral ratios
occurred.

4.2. Racking deformations in the far-field and on the structure and
numerical settlements in the far-field

Seismically-induced racking displacement, defined as the re-
lative lateral displacement of the structure's roof with respect to
its base, is an important measure of seismic performance for un-
derground box structures. Experimentally, racking deformations
were obtained both in the far-field and on the structure from
double integrating and subtracting accelerometer recordings at
the elevations corresponding to the structure's roof and base [12].
A band-pass, 5th order, acausal, Butterworth filter with corner
frequencies of 0.2 and 15 Hz was applied to acceleration records,
followed by double integration and baseline correction to obtain
displacement from accelerometers A12 and A14 on the structure
and A2 and A4 in the far-field. Since the structures were designed
to remain elastic, no permanent racking was expected, and
therefore using accelerometers was judged to be adequate.
uring three representative motions in T-BL: (a) time histories zoomed to 5–20 s for



Fig. 11. Experimental recordings and numerical predictions of racking on three different structures during three representative motions in T-BL, T-Flexible, and T-Stiff:
(a) time histories zoomed to 5–20 s for clarity; (b) representative Fourier Amplitude Spectra in T-Stiff.
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Numerically, racking displacements were obtained directly from
the predicted lateral displacements.

Figs. 10 and 11 compare numerically predicted and experi-
mentally recorded seismic racking displacements in the far-field
and on three structures, in terms of time histories and Fourier
Amplitude Spectra (FAS). Experimentally, racking deformations
both in the far-field and on the structures appeared to have a
significant content near 1 Hz, which coincided with the effective
fundamental frequency of the site (fso′) during these motions.
Most simulations, particularly Class-C1 predictions, could cap-
ture this effect. Class-C simulations with the default PDMY02
model G/Gmax curve often slightly overestimated racking at
higher frequencies and underestimated racking at lower fre-
quencies both in the far-field and on the structures. As expected
from the results in terms of far-field accelerations, Class-C1
predictions with the upper Darendeli G/Gmax curve generally
predicted racking better than other simulations, particularly on
the structure. Use of the mean Darendeli G/Gmax curve often led
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to an overestimation of structural racking at lower frequencies
because of a softer retained soil.

4.3. Lateral earth pressures on the structure

Evaluating the predictive capabilities of nonlinear numerical si-
mulations in terms of seismic lateral earth pressures was one of the
main objectives of this study, due to their critical importance in de-
sign. To obtain lateral earth pressures experimentally, tactile pressure
sensors were employed. These sensors were conditioned, equili-
brated, and calibrated both statically and dynamically, as detailed by
Gillis et al. [10]. It was shown experimentally that dynamic earth
pressures acting on stiff-unyielding structures can be of engineering
significance and need to be considered in design [12]. Further, the
distribution of dynamic earth pressures appeared to change from
Fig. 12. Static (before and after shaking), total (staticþdynamic), and dynamic lateral ear
during the Northridge-L motion.
approximately triangular (increasing with depth) to a higher order
polynomial as the flexural rigidity of the wall increased.

Dynamic thrust was obtained experimentally on the structure
wall by numerically integrating the dynamic earth pressures along
the height of the wall at each instance of time. The dynamic thrust
time histories obtained from tactile sensors were subject to a
band-pass, 5th order, acausal, Butterworth filter with corner fre-
quencies of 0.1 and 15 Hz, to remove low and high frequency noise
that was at times present in the recordings. As a result, any per-
manent change in thrust could not be captured after filtering.
From these time histories, however, the time corresponding to
peak thrust could be determined during each ground motion [12].
Dynamic thrust was similarly obtained numerically by integrating
dynamic earth pressures along the height of the wall. For a con-
sistent comparison with experimental measurements, a similar
th pressure profiles at the time of maximum dynamic thrust on different structures
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filter was applied to numerically predicted dynamic thrust time
histories to remove any permanent change in thrust.

Fig. 12 compares numerically predicted static (before and after
the motion prior to filtering), maximum total (staticþdynamic),
and maximum dynamic lateral earth pressure profiles with those
measured in different experiments during the Northridge_L mo-
tion. The maximum total and dynamic earth pressures are shown
at the time corresponding to peak dynamic thrust in each ex-
periment or simulation. The results are also compared with the
theoretically expected static lateral earth pressures under at-rest
Fig. 13. Experimentally measured and numerically predicted dynamic thrust on different
for clarify; (b) representative Fourier Amplitude Spectra in T-Stiff.
(Ko) and active (Ka) conditions. All simulations predicted static,
pre-shake earth pressures well, which often fell between at-rest
and active conditions. The experimentally observed permanent
increase in static earth pressures due to earthquake loading was,
however, largely underestimated numerically. This is because the
numerical model does not update soil properties and changes in
soil density and contact of grains with the wall during a time
domain analysis.

Total and dynamic earth pressures at the time of peak dynamic
thrust were generally overestimated by the stiffer soil models
structures during three representative motions: (a) time histories zoomed to 5–20 s
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(default PDMY02 and upper Darendeli) and in some cases slightly
underestimated by the softer soil model (mean Darendeli), parti-
cularly at shallow depths. The distribution of dynamic earth
pressures was better captured by Class-C1 simulations with the
mean Darendeli G/Gmax curve implemented. All simulations,
however, failed to predict a parabolic distribution of dynamic
earth pressures on the stiff structure and instead predicted a
roughly triangular distribution increasing with depth. This was
contrary to previous experimental observations.
Fig. 14. Experimentally measured and numerically predicted bending strains at the cor
zoomed to 5–20 s; (b) representative Fourier Amplitude Spectra in T-Stiff.
Friction was minimized on the face of the tactile sensors by
using Teflon sheets (as detailed by Gillis et al. [10]) to reduce shear
stresses on the sensors and improve their reliability in measuring
normal pressure. However, this interface condition is different
from what is typically expected on the walls of buried, reinforced
concrete, reservoir structures and what was assumed in the nu-
merical simulations. This difference may have been partly re-
sponsible for the observed differences in the predicted and mea-
sured lateral earth pressures in all Class-C and C1 simulations. In
ner of different structures during three representative motions: (a) time histories
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addition, nonlinear interface properties and complex densification
patterns of granular soils around the walls during shaking are
difficult to replicate numerically with a continuum model.

Numerically predicted dynamic thrust was compared with
those measured in centrifuge for different structures and motions
in Fig. 13 in terms of time histories and Fourier Amplitude Spectra,
respectively. Experimentally, dynamic thrust on all structures
(regardless of its fundamental frequency) always showed sig-
nificant content near the effective fundamental frequency of the
site (fso′), which was approximately 1–1.7 Hz during the motions
considered, as shown in Fig. 13b. The stiffer soil model (default
PDMY02) often overestimated the peak dynamic thrust and failed
to capture the large content near site fso′. Generally, the predic-
tions improved in Class-C1 simulations, particularly with the up-
per Darendeli curve, although all models tended to underestimate
dynamic thrust near the dominant frequencies of 1–1.7 Hz.

4.4. Dynamic bending strains on the structure

The amplitude and distribution of dynamic bending strains
were another important measure of the demand imposed on each
structure and its performance during earthquake loading. Experi-
mentally, dynamic bending strains were obtained from eight strain
gauges installed on either side of the box structure walls. The
largest strains, as expected, were measured on the flexible struc-
ture and the smallest on the stiff structure. The corner strain
gauges (SG8) measured the largest dynamic strains, which are
compared with numerical predictions for different structures and
motions in Fig. 14 in terms of time histories and Fourier Amplitude
Spectra, respectively. Similar to seismic racking and earth
Fig. 15. Range of residuals and variances in the prediction of d
pressures, the peak values of dynamic strain were often measured
near the effective fundamental frequency of the site (fso′), re-
gardless of the structure”s stiffness. Class-C predictions (default
PDMY02) often overestimated bending strains at higher fre-
quencies and underestimated strains at lower frequencies. But the
Class-C1 simulations (both mean and upper Darendeli) better
captured dynamic strains both in terms of amplitude and fre-
quency content. Similar trends were observed at other locations.

4.5. Summary of numerical and experimental comparisons

The accuracy of Class-C and C1 numerical predictions was
evaluated in terms of residuals for different response parameters
of interest:

=
( )

⎛
⎝⎜

⎞
⎠⎟X

X
X

Residual log
1

experimental

numerical

where X refers to a given quantity obtained numerically or ex-
perimentally. The variance in the predicted response was also
evaluated among different numerical simulations for different
motions considered. Fig. 15 summarizes the range of residuals and
variances in different response parameters of interest: PGA profile
in the far-field and along the structure, acceleration response
spectra and Arias Intensity time histories in the far-field surface,
racking of the far-field soil and structure, magnitude and location
of dynamic thrust time histories, and dynamic bending strain time
histories along the structure walls for each type of simulation. In
general, Class-C1 predictions with the upper G/Gmax Darendeli
curve provided improved predictions of most response parameters
ifferent response parameters using different simulations.
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of interest with a reasonable range of variance. Hence, even
though this model was not ideal for all response parameters,
overall it captured the seismic demand on and the performance of
stiff-unyielding underground structures with residuals ranging
from about �0.25 to 0.2 and variances of less than approximately
0.3.
5. Concluding remarks

The seismic response of relatively stiff underground reservoir
structures that are restrained against rotation at their base and
roof is currently not adequately understood. Seismic soil-structure
interaction (SSI), structure stiffness, connection to the backfill soil,
and soil nonlinearity need to be considered in their design under
strong levels of shaking.

A series of Class-C and C1, nonlinear numerical simulations
were performed, and their results were compared against cen-
trifuge measurements in terms of site response in the far-field,
racking deformation of the soil and structure, and seismic lateral
earth pressures and bending strains along the walls of box struc-
tures with varying stiffness. Two dimensional (2-D), Class-C, nu-
merical simulations were performed in the finite element program
OpenSees with the PDMY02 model. The model parameters were
calibrated to capture the response of Nevada sand (test soil) in
cyclic simple shear tests. The reduction of soil shear modulus at
larger strains (G/Gmax versus γ) in these simulations was predicted
automatically by the nonlinear constitutive model. Class-C1 si-
mulations were subsequently performed with the same con-
stitutive model parameters but with the addition of user-defined
G/Gmax curves proposed by Darendeli [7], which were corrected for
soil's implied shear strength. A softer soil response was desired in
Class-C1 simulations to improve the predicted accelerations and
the overall performance of buried structures. Mean and one
standard deviation above mean (upper) G/Gmax curves proposed
by Darendeli [7] for sand were considered in Class-C1 predictions.

The addition of user-defined G/Gmax curves that were softer
than the default PDMY02 model improved the prediction of site
response in terms of accelerations and the effective fundamental
frequency of the site, but increased the error in far-field settlement
predictions. Class-C1 simulations with the upper Darendeli G/Gmax

curve generally led to improved predictions of racking displace-
ments both in the far-field and on the structure. Both sets of Class-
C1 simulations also improved the amplitude and frequency con-
tent of dynamic earth pressures and thrust. But, all simulations
failed to predict the parabolic distribution of dynamic earth
pressures on the stiff structure. Class-C1 simulations with the
upper Darendeli G/Gmax curve generally led to better predictions of
dynamic bending strains on the structure, both in terms of am-
plitude and frequency content. The peak response of the structure
in terms of racking, bending strains, and seismic earth pressures
was shown experimentally to occur near the effective fundamental
frequency of the site (fso′) regardless of the stiffness of the struc-
ture. Class-C1 predictions with the upper Darendeli G/Gmax curve
often predicted this important influence from the dynamic prop-
erties of the backfill soil.

In summary, the PDMY02 soil constitutive model with its de-
fault shear modulus reduction led to a soil response that was too
stiff. This led to the overestimation of fso′ as well as the forces and
deformations experienced by the buried structure at higher fre-
quencies. The implementation of user-defined, upper Darendeli
G/Gmax curve in OpenSees with the PDMY02 soil constitutive
model could better capture the key response parameters of in-
terest both in the far-field and near buried reservoir structures,
with residuals ranging from about �0.25 to 0.2 and a variance less
than about 0.3. It is acknowledged, however, that the PDMY02
model with many parameters may not always be a practical op-
tion. Hence, a comparison of its performance with simpler soil
constitutive models in the future will be of value to practitioners.
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