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The 9-m and 1-m radius geotechnical centrifuges at the Natural Hazards Engineering
Research Infrastructure (NHERI) facility at the University of California at Davis provide
the national research community with open access to unique and versatile modeling
capabilities for advancing methods to predict and improve the performance of soil and
soil-structure systems affected by earthquake, wave, wind, and storm surge loadings.
Large-scale centrifuge models are particularly effective for the building of basic science
knowledge, the validation of advanced computational models from the component to
the holistic system level, and the validation of innovative soil remediation strategies.
The capabilities and unique role of large-scale centrifuge modeling are illustrated using
three example research projects from the shared-use NHERI facility. Education impacts
stemming from operations activities and coordination of activities by the center’s user
base are discussed. Future directions and opportunities for research using the NHERI
facilities are discussed.

Keywords: centrifuge, physical modeling, geotechnical, inverse analyses, natural hazards

INTRODUCTION

Centrifuge modeling addresses a fundamental challenge in the scaled physical modeling of
geotechnical structures — the need for proper modeling of stress conditions given that most soil
properties are dependent on effective confining stress. Scale models executed at 1 g (i.e., earth’s
gravitation field) provide only a qualitative evaluation of how full-scale geotechnical structures
respond to different loadings because the effective stress conditions and hence soil properties
(e.g., stiffness, strength, and dilatancy) are so different. The enhanced gravitational field imposed
during a centrifuge test allows for stress similitude between the model and full-scale prototype,
such that the response of a scaled centrifuge model to different loadings is more representative
of the response expected under field-scale conditions. For example, the profile of vertical effective
stress in a 0.6-m thick layer of soil at 50 g is equivalent to those in a 30-m thick layer of soil at 1 g.
Centrifuge modeling also offers scaled modeling advantages for other physical processes where self-
weight body forces are important, including various porous media, fluid, and gas phenomena (e.g.,
Taylor, 1995). Scaling laws and questions of similitude have accordingly been developed for a wide
range of physical phenomena as they have been examined over the years (Garnier et al., 2007). In
this manner, centrifuge modeling has proven invaluable for identifying complex mechanisms and
validating computational models across a broader spectrum of conditions than is generally feasible
with 1 g field-scale modeling.
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Geotechnical centrifuge modeling technology has evolved
through several stages over the past century, as described
for example in Craig et al. (2015). The earliest reported
experiments were in the US and USSR in the 1930s. Early
pioneers around the world accomplished notable advances over
the next four decades. The 1970s and 1980s brought rapid
advances in centrifuge equipment, modeling techniques, and
instrumentation, which led to a growth in utilization and
increased awareness of centrifuge modeling capabilities in the
broader civil engineering discipline. The International Society
of Soil Mechanics and Foundation Engineering (now ISSMGE)
recognized the growth by establishing an international technical
committee on centrifuge modeling in 1981. Centrifuge modeling
has continued to see rapid advances in modeling techniques
and instrumentation, which has led to higher-resolution data
and improved scientific findings, which in turn has fueled
expansion in the range of problems that could be explored.
Today, centrifuge modeling is firmly established as an essential
tool for geotechnical research. This is perhaps best reflected
through a recent communication with an NSF program director
who noted that reviewers in the 1980s and 1990s asked, “Why
would you use centrifuge modeling for this problem,” whereas
reviewers in the 2000s and 2010s asked, “Why are they not using
centrifuge modeling for this problem?”

The centrifuge modeling facilities at UC Davis have similarly
evolved over the past four decades. The geotechnical group first
acquired a 1-m radius beam centrifuge in 1975. This centrifuge,
still in use today, can subject about 50 kg of soil (typical
dimensions of 178 mm deep, 560 mm long, and 280 mm wide)
to a centrifugal acceleration of about 100 g, which represents a
prototype soil layer thickness as great as 18 m. Its servo-hydraulic
shaker, commissioned in 1988, was one of the first hydraulically
driven shakers to be mounted on a geotechnical centrifuge.
In 1983, the Center for Geotechnical Modeling (CGM) was
established to develop and manage a 9-m radius “National
Geotechnical Centrifuge” in partnership with NASA Ames and
with support from the National Science Foundation (NSF awards
7813922 and 7826122). The 9-m centrifuge was constructed at
a NASA Ames Research Center before being moved to UC
Davis in 1986, where the first experiments were executed with
the centrifuge rotating in an unenclosed space. With continuing
effort, the 9-m centrifuge and supporting facilities were enhanced
by completion of an enclosure rotunda in 1989, commissioning of
a servo-hydraulic shaking table in 1995, and over $5 M of major
upgrades from 2000 to 2004 with funding from the NSF through
the George E. Brown Jr. Network for Earthquake Engineering
Simulation (NEES). The NEES improvements included upgrades
to the centrifuge drivetrain, shaking table upgrades, new
model containers, advanced data acquisition systems, high-speed
cameras, visualization tools, geophysical tools, and aerodynamic
modifications to the enclosure. With those modifications, the
large centrifuge was capable of subjecting about 1550 kg of soil
(a common container has dimensions of 686 mm deep, 1722 mm
long, 686 mm wide) to a centrifugal acceleration of about 75 g,
which represents a prototype soil layer thickness as great as
51 m. The CGM has subsequently maintained the 9-m and 1-m
radius centrifuges at the state of the art through continuous

performance improvements while operating as a national shared-
use, open-access facility under NSF funding through NEES from
2004 to 2014 and through the Natural Hazards and Engineering
Research Infrastructure (NHERI) program from 2016 to present.
Photographs in Figures 1, 2 provide a full side view of the
9-m centrifuge, a view of a model container with in-flight
cone penetration testing equipment mounted on the end of
the 9-m centrifuge arm, and two examples of complex models
being constructed for testing on the 9-m centrifuge. Details
on the facility history, capabilities, and equipment performance
specifications over the years can be found in Wilson et al. (1997,
2010) and Wilson and Allmond (2014) and at the CGM' and
NHERI DesignSafe-CI* websites.

This paper describes the capabilities of the NHERI Centrifuge
Facility and the essential role of geotechnical centrifuge modeling
for advancing methods to predict and improve the performance
of soil and soil-structure systems affected by earthquake, wave,
wind and storm surge loadings. Three example projects are used
to demonstrate that large-scale models with holistic levels of
complexity have produced: (1) uniquely detailed or first-ever
measurements of key mechanisms that could not be measured by
other means, (2) essential validation for computational models,
and (3) major broader impacts for science and society. The three
projects are a submerged tunnel surrounded by liquefiable sand
backfill, rocking responses of shallow foundations for buildings
and bridges subjected to earthquake loading, and liquefiable
soil profiles remediated using microbially induced calcite
precipitation (MICP). Broader impacts stemming from the
NHERI centrifuge facility operations activities and coordination
of activities by the center’s user base are described. Lastly,
potential future directions and opportunities for research using
the NHERI facilities are discussed.

THE CENTRIFUGE AS AN ENHANCED
GRAVITY LABORATORY

The centrifuge provides a testing environment with an enhanced
gravitational field, in which users execute experiments of their
own design. New and novel experimental designs are frequently
required to address the scientific needs of the researchers,
which leads to ongoing improvements and expansions in the
on-arm testing capabilities. New experimental designs can be
challenging because the enhanced gravitational field can impose
significant demands on structural components, mechanic devices
(e.g., actuators, remote tools), model containers, and electronic
devices, with the associated challenge that commercially available
products may not function adequately on the centrifuge, leading
to the need for re-designs and modifications. In many cases,
a common interest in an emerging technology across research
teams has enabled the pooling/leveraging of research funds to
expand capabilities in ways that benefit multiple teams.

The three research studies described in the following sections
illustrate a subset of the centrifuge modeling capabilities at the

!cgm.engr.ucdavis.edu/

Zwww.designsafe-ci.org
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FIGURE 2 | Examples of model testing on the 9-m centrifuge: nonlinear multi-story structure-soil-structure interaction (top left insert), multiple rocking foundation
systems (lower left insert), and in-flight cone penetration testing actuator mounted on the gantry (right).
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CGM facilities. Over eighty research projects, each involving
anywhere from a few to dozens of centrifuge experiments, have
used the CGM centrifuge facilities. Owing to the uniqueness
of the shaking table, most experiments executed to date at UC
Davis have focused on seismic applications, including aspects
of liquefaction (triggering, lateral spreading, levee/embankment
deformations, quay wall deformations), ground improvements
(densification, drainage, grouting, soil-cement reinforcements,
bio-cementation, bio-desaturation), soil-structure interaction
(shallow and deep foundations in soft or liquefiable soils
for buildings, bridges, tanks, quay walls), buried structures
(lateral pressures and kinematic demands on subway tunnels
and stations), seismic site response (sands, soft clays, organic
soils), mechanically stabilized earth retaining walls, geo-synthetic
liner systems for waste containment, and water-structure-
soil interaction for buried reservoirs. Other research projects
have examined offshore foundation systems (wave, wind, and
seismic loading of jack-up structures, suction caissons, subsea
manifolds), in-situ characterization of challenging soils (gravelly
soils, interbedded soils, fly ash), novel foundation systems
(grouted helical anchors), residual strength of clay slickensides
in landslides, tsunami effects on coastal stability, bio-inspired
stress-state manipulation for soil penetration, and bio-inspired
root-type foundations. Regardless of the application, common
objectives include the exploration of fundamental mechanisms,
the use of sensor arrays with inverse analyses techniques
to quantify key mechanisms, and the use of the data for
validation of analytical/computational models. Data from past
research projects have been archived for public access at the
CGM and DesignSafe websites. A review of the literature
indicates the available data has been re-used in at least
110 publications by different researchers around the world,
recognizing that data re-use is likely under-counted by our
current manual processes.

RESEARCH EXAMPLE: UPLIFT
MECHANISMS FOR A BURIED TUNNEL

The Bay Area Rapid Transit (BART) Transbay Tube (TBT) is a 6-
km long immersed cut-and-cover subway tunnel that connects
Oakland to San Francisco, California. Seismic risk evaluations
identified a concern that earthquake-induced liquefaction of
the loose sand and gravel backfills surrounding the tunnel
(Figure 3) could result in tunnel uplift and damage to the
tunnel. Predicting the tunnel uplift and extent of damage in
an earthquake, however, was hampered by limited scientific
understanding of the deformation mechanisms (Figure 4)
and the lack of data against which the numerical modeling
procedures could be validated. Decisions regarding remediation
alternatives depended on developing confidence in the analysis
methods, and thus the design team recommended physical
model testing be performed to quantify deformation mechanisms
and validate/evaluate the numerical modeling procedures. The
centrifuge and numerical modeling work is described in Chang
et al. (2008), Chou et al. (2011), and Kutter et al. (2008), with
subsequent reanalysis of the data in Tasiopoulou et al. (2019).

Large-scale centrifuge models were selected as the preferred
approach for physical modeling because the large model
container (1.8 m long, 0.7 m wide, and 0.6 m deep) facilitated
construction of a model with appropriately complex geometric
and stratigraphic details to reflect the real design scenarios, as well
as the placement of dense instrumentation arrays for quantifying
the different deformation mechanisms through inverse analyses.
Each physical model was constructed in a rigid container with
polycarbonate windows to view the model cross-section, such
as is visible in the photograph in Figure 5. The model tunnel
rested on a thin bedding layer of coarse sand at the bottom of
trench within the foundation clay. The trench backfill was coarse
sand to about mid-height of the tunnel, and then fine sand to
above the tunnel crown. A layer of low-permeability fine-grained
soil covered the surface of the model. The test was executed
at a centrifugal acceleration of 40 g to simulate the prototype
tunnel section of approximately 15-m wide by 7-m high.
The instrumentation included dense arrays of accelerometers
and pore pressure transducers that would be used to define
mechanisms, and novel non-contacting proximity transducers
were used to measure tunnel uplift during shaking.

The centrifuge experiments provided quantitative insights
on fundamental mechanisms and the basis for validation
of nonlinear dynamic analysis procedures. The fundamental
mechanisms that could contribute to tunnel uplift were identified
as ratcheting, pore water migration, bottom heave, and viscous
flow of liquefied soil (Figure 4). Inverse analyses of the dense
instrumentation array data were used to define the transient
seepage volumes in the soil and the lateral and vertical force
versus displacement responses of the tunnel. The inverse analyses
assume the governing differential equations and then use the
discrete sensor data and interpolation functions to numerically
compute terms that cannot be measured directly. The centrifuge
data and inverse analysis results provided quantitative data on the
relative contributions of different mechanisms to tunnel uplift,
and provide a basis to evaluate numerical modeling limitations
associated with pore pressure diffusion in layered soils, possible
formation of water films or blisters at the tunnel-soil interface,
localized slip at the tunnel-soil interface, shear deformations in
liquefied soils at near zero effective stress, and sedimentation
(volumetric) strains in liquefied soils. The design team used
the data to evaluate/validate two different numerical modeling
procedures, one using the finite element platform OpenSees
with the multiple yield surface constitutive models by Elgamal
et al. (2002) and another using the finite different platform
FLAC (Itasca Consulting Group Inc, 2006) with the UBCSAND
constitutive model (Beaty and Byrne, 1998). The same data
were later re-used by several members of the design team in
evaluating updated modeling procedures using FLAC with the
PM4Sand constitutive model (Tasiopoulou et al., 2019). The
numerical simulations were found to approximate the dynamic
response, tunnel uplift, and sand deformation patterns around
the tunnel (Figure 6).

This research project, which was an industry-university
collaboration, demonstrated immediate broader impacts with
the science directly informing the design decisions in an active
seismic risk reduction program for a major civil infrastructure
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Gravel Fill

FIGURE 3 | Configuration of the BART Transbay tube and backfill materials (Reproduced from Kutter et al., 2008 with permission from ASCE).
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FIGURE 4 | Four uplift mechanisms: (a) ratcheting, (b) pore water migrations, (c) bottom heave, and (d) viscous flow of liquefied soil (Reproduced from Chou et al.,

system. The findings allowed the authorities to adopt confidently
a remediation strategy that minimized construction risks and
significantly reduced owner costs by avoiding costly offshore
ground improvements. The scientific findings advanced the state
of practice for numerical modeling of liquefaction effects. Newly
developed inverse analysis techniques using dense sensor arrays
were used to quantify the contribution of one of the important
deformations mechanisms. The collaboration between students,
faculty, and industry researchers provided a uniquely broad
experience for the graduate students, faculty and practitioners.

RESEARCH EXAMPLE: ROCKING
FOUNDATIONS

The rocking of shallow foundations for building and bridges
during earthquake loading was generally avoided in design
practice up through the 2000’s, when the potential economic
advantages for retrofit projects drove a widespread interest

in developing the fundamental understanding and design
procedures necessary to accept its occurrence. Prior to that,
foundation rocking was recognized to have the appealing
characteristics of self-centering tendency and energy dissipation
capability, but the fundamental mechanisms and their behaviors
for a range of soil and loading conditions was not well
understood. In addition, the relative roles of inelasticity in
the structural systems and foundation were an additional
complicating factor. The ability to design for, and hence allow
for, rocking of shallow foundation elements was recognized as
having strong economic benefits and performance implications
for bridges (Alameddine and Imbsen, 2002) and buildings
(Comartin et al., 2000). A concerted research effort in the
community over the past 15-20 years led to adoption of code
provisions accounting for the benefits and consequences of
rocking foundations (e.g., ASCE/SEI 41-17, 2017).

Large-scale centrifuge models were an essential component of
the research studies supporting the development of fundamental
understanding and validation of analysis methods for estimating
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FIGURE 5 | Preparation of the BART Transbay tube model in the rigid glass-walled container.

rocking behaviors and the associated foundation settlements,
with one example being the work by Liu et al. (2015a,b) described
herein. In this study, six different two-story-two-bay frame-
wall-foundation building models resting on dense sand were
constructed and tested on the 9-m centrifuge (Figure 7). The
models represented low-rise structures for which the primary
seismic lateral resistance was provided by a shear wall supported
on a shallow foundation. When predicting the response of
models such as this, where the moment capacity of the shear
wall foundation is greater than the moment capacity of the
shear wall itself, a hinge mechanism develops in the shear wall,
which is forced to absorb the large majority of ductility demand
(a hinging-dominated system). In cases where the moment
capacity of the foundation is less than that of the shear wall,
the foundation acts as a fuse, and relatively large ductility
demands are absorbed by the foundation rocking on soil (a
rocking-dominated system). Foundation rocking can produce
large settlements if the static factor of safety against bearing
failure is low (e.g., heavily loaded undersized footings), but
previous research (e.g., Gajan and Kutter, 2008) has shown
that the settlements will be acceptably small if the static
factor of safety against bearing failure is sufficient. The six
models in Liu et al. (2015a,b) study included two hinging-
dominated systems, two rocking-dominated systems, and two
balanced systems where the moment capacity of wall and its

foundation were similar. The models were subjected to slow
cyclic (pseudo-static) loading in one series of tests, and to
dynamic earthquake shaking in another series of tests. The
individual foundation elements for the shear walls and the
frame columns had reasonably well defined moment rotation
responses based on a supporting series of tests of single-
footing systems on the 1-m radius centrifuge (Hakhamaneshi and
Kutter, 2016; Hakhamaneshi et al., 2016). The 1-m centrifuge
was well suited for rapid and economical testing of single
footings, such that a wide range of footing shapes, sizes, soil
types, and loading conditions could be parametrically examined
economically. The 9-m centrifuge, however, was required for
constructing the holistic models shown in Figure 7, wherein
small connection-scale details (e.g., beam-column plastic hinges),
large building-scale frame action, and realistic nonlinear soil-
structure interaction play important roles in the system behavior.
The instrumentation in these larger tests consisted of vertical
and horizontal accelerometers to define all inertial forces in
the structural system, and strain gages to define axial, shear,
and moments in the key structural components. The structural
models included systems wherein the energy dissipation and
yielding were dominated by plastic hinging in the structural
components (SHD, Figure 7A), foundation rocking (FRD,
Figure 7B), or a balance of both plastic hinging and foundation
rocking (BD, Figure 7C).
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FIGURE 6 | Displacement of sand toward and beneath the tunnel from (A) experimental observation; and (B) numerical analysis. The deformation pattern is
illustrated through vertical sand columns for the centrifuge test and displacement vectors and shear strain contours for the numerical analysis (Reproduced from

Tasiopoulou et al., 2019 with permission from ASCE).
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A common misconception about rocking foundations was
that rocking foundations might increase the demand on the
structure. The 9-m centrifuge building models showed that
rocking foundations, if properly designed, could absorb much
of the ductility demand and hence reduce the ductility demand
on structural components. The slow cyclic tests on the model
buildings demonstrated that the rocking-dominated systems had
ductile and stable responses with very little strength degradation,
and better re-centering than hinging-dominated systems. The
dynamic earthquake shaking tests confirmed that the ductility
demand on the shear wall component of the system decreases
and system performance improves when demand is shifted
from wall hinging to the rocking foundation. Furthermore,
systems with rocking foundations sustained a smaller peak
roof acceleration, residual drift, and reduced peak base shear

despite the relatively larger peak transient drift demand.
Consistent with slow cyclic test results, dissipated hysteretic
energy was reasonably distributed amongst superstructure and
substructure inelastic components if the capacity of the wall
and its foundation are balanced; this finding is illustrated in
Figure 8 showing the moment-rotation response in a column
fuse (Figure 8A), the moment-rotation of the shear wall
foundation, (Figure 8B), and the moment-rotation response of
a single column’s spread footing (Figure 8C) during slow cyclic
loading on a balanced design model. Dynamic shaking tests
were then performed on similar structural models that were
densely instrumented, after which inverse analyses techniques
were used to back-calculate various moment-rotation responses
that could not otherwise have been directly measured. The
nature and distribution of plastic yielding was similar between
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the slow cyclic and dynamic tests, providing confidence in
both sets of data. These centrifuge models, with their holistic
systems-level details, provided unique experimental data that
was the basis for validating the ability of numerical simulation
procedures to approximate nonlinearity in the structure and
foundation. Numerical simulations demonstrated comparable
local and global response to measurements obtained during the
experiments, as illustrated by the comparisons of measured and
computed moment-rotation responses of the shear wall footings
shown in Figure 9.

Centrifuge model experiments like those described above,
along with centrifuge and shaking table tests performed by others
for a broad range of soil conditions and structural systems,
provided the basis for rapid broader impact through development
and implementation of design procedures for practice. In this
regard, projects on rocking foundations using the 1-g shaking
table at the UC San Diego NHERI facility and the 9-m centrifuge
at UC Davis are illustrative of their complementary roles

(Allmond and Kutter, 2014a,b; Antonellis et al., 2015). The
1 g shaking table tests examined rocking responses for two
single-degree-of-freedom structures supported on 1.5-m by 1.5-
m square spread footings in the same experiment; the large size
of the footings enable use of local contact sensors to examine
the footing-soil-interface interaction at a high level of detail. The
companion tests on the 9-m centrifuge enable simulation of six
single-degree-of-freedom structures supported on 7.5-m by 7.5-
m square (prototype scale) footings in the same experiment: the
enhanced g-field in the centrifuge enabled simulating rocking
structures at greater load and stress levels, and to include a greater
number of structure/footing configurations at significantly lower
cost. This is just one example of how the combination of the 1-
m centrifuge, 9-m centrifuge, and large-scale 1-g shaking table
facilities in the NHERI network provide flexibility to tackle
complex problems across an appropriate and complementary
range of scales, depending on the fundamental scientific and
engineering issues being explored.
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Technology transfer on rocking foundation research was
facilitated by the formation of a Technology Transfer Team of
practitioners with geotechnical and structural expertise related to
buildings and bridges. This group of nominally six people worked
over a period of several years, and contributed to guidance for
building code provisions that eventually allowed designers to
use foundation rocking as an effective mechanism contributing
to the seismic performance of buildings per ASCE/SEI 41-17
(2017). The findings advanced the state of practice for design
and for numerical modeling of soil-structure systems. The
collaboration between students, faculty, and leading practitioners
from industry provided a uniquely broad experience for all of the
participants — especially the students.
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element analyses (blue lines) (Reproduced from Liu et al., 2015b with
permission from ASCE).

RESEARCH EXAMPLE: BIO-MEDIATION
OF LIQUEFIABLE SOILS

Microbially induced calcite precipitation is a bio-mediation
ground improvement method that uses soil microorganisms
to induce calcite precipitation within sandy soils (Figure 10).
MICP bio-cementation can significantly increase the resistance of
liquefaction triggering of granular soils through particle bonding
(cementation), increased particle angularity, and increased
density, which results in stronger dilative tendencies (DeJong
et al., 2010; Montoya and DeJong, 2015; Feng and Montoya,
2016). MICP bio-cementation has the potential to be a
tunable, noninvasive method for treating liquefiable soils around
existing infrastructure where other invasive ground improvement
methods are not feasible. Challenges for advancing this technique
include optimizing use of native microorganisms, tuning the
bio-cementation process, collecting and processing byproducts,
upscaling to field scale, establishing in-situ quality control
measures, and developing the fundamental knowledge base on
material behaviors required for engineering design (DeJong et al.,
2013). The NSF-sponsored Center for Bio-mediated and Bio-
inspired Geotechnics (CBBG) is working to advance MICP
ground improvement from the bench scale to field scale in
partnership with industry collaborators.

The CBBG selected the NHERI centrifuge facilities at UC
Davis for testbed development of MICP bio-cementation, as
well as other bio-mediated and bio-inspired processes, because it
offered the flexibility for physical modeling at small (Figure 11A)
and large (Figure 11B) scales using the 1-m and 9-m radius
centrifuges, respectively. The 1-m radius centrifuge, with its
smaller models, provides for high throughput of relatively
simple tests that enable rapid and efficient exploration of model
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FIGURE 11 | Bio-mediation of sand models for centrifuge testing: (A) component level model for testing on the 1-m radius centrifuge, and (B) system level model for

testing on the 9-m radius centrifuge.

preparation techniques, in-flight characterization techniques
(shear wave velocity Vs and cone penetration testing), and
degradation of the improved soil in a relatively simple model
when subjected to changing static and dynamic loading. In a
recent CBBG study (Darby et al., 2019), models were prepared
with loose saturated sands having no, light, moderate, and
heavy levels of biocementation, and then subjected to multiple
shaking events with peak base accelerations of 0.02 to 0.55 g.
Arrays of accelerometers and pore pressure transducers were
used to compute cyclic stress ratios, shear strains, and excess pore
pressure generation. A mini-cone penetrometer was pushed at
select times during each test to evaluate the ability of the cone
to capture the effects of initial cementation and cementation
degradation induced by shaking. Horizontal shear wave (V)
measurements (which give small-strain shear moduli) were
obtained prior to each cone push and shaking event using
two arrays of bender element (BE) pairs placed with depth.
The increase in cone penetration resistance and Vg with the
calcium carbonate content produced by the MICP process
are shown in Figures 12A,B, respectively. Inverse analyses

of dynamic response using the instrumentation arrays were
used to define cyclic stress ratios (CSRs) imposed on the soil
during shaking, up through the triggering of significant shear
strains. The inverse-computed CSRs are plotted versus cone
penetration and V; values in Figure 13, along with common
correlations for estimating liquefaction and non-liquefaction
triggering conditions in non-cemented sands (Kayen et al., 2013;
Boulanger and Idriss, 2015). Additional details on these tests
and their interpretations are provided in Darby et al. (2019).
The key observations are that the results of these types of
tests, starting on the 1-centrifuge and now moving to the 9-
m centrifuge (with its better resolution on details), provide a
unique means for evaluating how industry-standard liquefaction
triggering procedures may be adapted to MICP treated sands.

In a test recently performed and not yet published, the
9-m radius centrifuge was used to perform a more holistic
investigation of system-level performance. The test configuration
included multiple surface foundation structures founded on a
soil profile with spatially varying relative density, including soil
layers susceptible to liquefaction at different depths, and multiple
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FIGURE 13 | Equivalent uniform cyclic stress ratios versus cone penetration resistance and shear wave velocity in a saturated sand model subject to dynamic
loading on the 1-m radius centrifuge, along with case-history based liquefaction triggering correlations used in practice (Reproduced from Darby et al., 2019 with
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Shallow foundations
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FIGURE 14 | Configuration of a centrifuge model for the 9-m centrifuge; multiple shallow foundations arranged over areas that have no, shallow, and deep MICP
treatments (labeled as Untreated, MICP 1 and MICP 2) with loose layers of liquefiable sand at shallow, medium, and deep intervals.

Untreated

Shallow
Deep

MICP treatment strategies, including untreated, shallow, and
deep treatments (Figure 14). Arrays of accelerometers and pore
pressure transducers within the soil, along with displacement
and acceleration measurements on the structures, were used to
capture the soil and structure responses. Multiple shaking events
with peak base accelerations ranging from 0.03 to 0.5 g were
applied. Cone penetration resistance, gc, and Vs testing were used
to characterize the initial model conditions as well as the change
in conditions (i.e., cementation degradation, soil densification)
through the course of shaking. Surface settlement measurements
and observations (Figure 15) provided an evaluation of the
degree to which MICP treatment applied to limited depths
affected the dynamic site response, triggering of liquefaction
at different depths, and surface expression of that liquefaction.
A key advantage of these types of large model tests, with multiple
variations in conditions across the same container, are that the
comparisons of performance are better constrained by the fact
the soils throughout the container were prepared by the same
researcher at one time and the same shaking motions were
imposed throughout the model.

The 9-m and 1-m centrifuge models provided the first
insights and essential data on fundamental behaviors of MICP
treated sands at a systems level. The 1-m centrifuge tests first
demonstrated how changes in liquefaction resistance, Vs, and
qc for loose saturated sands treated by light, moderate or
heavy levels of bio-cementation, as well as the degradation of
cementation, occurs with increasing shaking intensity. Cone
penetration resistances at mid-depth increased from 2 to 5, 2
to 10, and 2 to 18 MPa in lightly, moderately, and heavily
cemented models, respectively. V¢ at mid-depth increased from
140 to 200, 140 to 325, and 140 to 660 m/s in lightly,
moderately, and heavily cemented models at 80 g, respectively.
Cone penetration resistances and V after initial liquefaction
decreased significantly in moderately and heavily cemented
models, decreased slightly in lightly cemented models, and
increased slightly in uncemented models. Cemented models
required stronger peak base accelerations (PBAs) and cyclic
stress ratios (CSRs) to trigger liquefaction compared to the
uncemented model prepared to a similar relative density, even
after initial liquefaction in a prior shaking event. The 9-m
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liquefiable layers at shallow, medium, and deep intervals.

FIGURE 15 | Post-shaking photograph showing the variation of foundation settlements and tilting across the untreated, MICP 1 and MICP 2 treatment zones with

centrifuge tests are still being analyzed, but data analysis to date
have shown changes in CPT g and V that are consistent with
the 1 m centrifuge, confirming the scalability of model testing.
The performance of the MICP improved zones within a large
volume of untreated soil provided new insights with respect to
the rate of cementation degradation, how MICP improved zones
affected dynamic response, and how MICP improved zones can
effectively reduce ground surface distortions due to triggering of
liquefaction at different depths. The net practical benefit of MICP
treatments was reduced absolute and differential settlement of
surface foundations. On average, the absolute settlement of
surface foundations due to liquefaction of the underlying layers
was reduced by more than 80%, and the differential settlement
was reduced by a similar level.

MICP and other bio-mediated remediation methods for
liquefiable sands are emerging from being novel, creative, blue-
skies ideas to being eflicient, sustainable technologies that
will likely be implemented at the field scale in the next
5 years. The NSF-sponsored CBBG has enabled the rapid
maturation of these technologies by facilitating teams working
on the fundamental aspects of the biogeochemical treatment
process, evaluating how engineering properties change at the
element/constitutive level, and developing how the technology
can be up-scaled for field implementation. The NHERI CGM
facility provides the critical additional capability of performing
simple and complex system model analyses prior to when the
technology is ready for field implementation. This has enabled
re-evaluation of industry standard liquefaction triggering curves
for cemented soils, development of CPT ¢g. and seismic Vi
QA/QC monitoring techniques and target values, and quantified

the level of improvement that may be able to be achieved with
MICP improvement is applied in both free-field conditions and
beneath embankments.

EDUCATIONAL IMPACTS

The research performed at the NHERI centrifuge facility often
have direct broader impacts, such as those described above.
The CGM, through its participation as a NHERI facility,
pursues broader impacts collectively in addition to the scientific
advances discussed in the previous sections. Through its
shared use, the facility hosts a range of visiting domestic
and international researchers, industry collaborators, graduate
students, undergraduate students, visitor tours, and K-12 classes,
with the total number of visitors averaging a few hundred each
year. Broader impacts include strengthening academic-industry
partnerships to bridge science and practice, contributing to
the development of codes and guidance documents, producing
and sharing large datasets, training practitioners, and educating
students through centrifuge activities. As education is critical to
the missions of the NHERI centrifuge facility and CBBG, select
activities are described in this section.

Students in traditional engineering curriculums often have a
simplified concept of what a model is or can do, and have limited
ability to use model-based reasoning (Carberry and McKenna,
2014). Wartman (2006) identified four benefits associated with
students learning geotechnical engineering through physical
modeling: (1) visualization of complex, nonlinear geotechnical
mechanisms and phenomena otherwise difficult to visualize;
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(2) development of an intuition and physical sense for the
fundamental mechanisms that govern the behavior of these
systems; (3) observation of failure mechanisms not seen in
traditional geotechnical engineering courses, which often focus
on element testing; and (4) assessment of the deviation between
predicted and actual performance in geotechnical systems.

Through centrifuge modeling, students develop an
appreciation of the ability of both physical and numerical
models and of model-based reasoning. Student develop
professional skills and experience attitudinal shifts as they
develop their technical skills (e.g., signal processing, electrical,
and mechanical skills). The coordination of their experiments
requires strong communication and project management skills,
especially in an environment where timelines frequently change
due to unexpected circumstances. The physical modeling
experience teaches students that engineering projects and the
design process are nonlinear and requires they develop adaptive,
growth mindsets that allow them to learn from adversity. Dweck
(2007) defines a growth mindset as when individuals believe their
talents can be developed through hard work, good strategies, and
seeking input from others and view failure as a stepping stone
to improvement. Successful student centrifuge modelers have or
shift to a growth mindset with respect to their modeling skills
and knowledge. The process requires students think critically
about why a failure occurred and how to learn from it and find a
solution. Industry partners have noticed the benefits with a one
stating that they “love hiring centrifuge modelers because they
already know how to solve problems.”

Individuals use mental structures, or schemas, to organize
knowledge and guide cognitive processes and behavior.
Vygotsky’s Social Development Theory notes that our specific
mental structures and processes can be related to interactions
with others around us (Woolfolk, 2013). The theory notes
that learning only occurs when you are teaching at a level in
which individuals can accommodate the new knowledge or
cognitive skills by adapting their current mental structures.
Specifically, the Zone of Proximal Development (ZPD) is as the
area between a person’s current development level as determined
by independent problem solving and the level they could achieve
with guidance and collaboration of more capable members of
society. The UC Davis geotechnical group’s development of a
Ladder Mentoring Model (Bronner et al, 2018) for training
graduate students in technical knowledge and skills, professional
skills, and educational outreach aligns with Vygotsky’s ZPD.
Individuals starting at the NHERI centrifuge facility work with
students with a few years of experience to learn new skills. More
experienced staff and faculty provide more direct mentoring to
those more experienced students (i.e., those who are one rung up
on the ladder). This approach to mentoring graduate students in
academic environments enriches graduate student development
while minimizing additional demands on center personnel.

The educational thrust described here depends on the
technical expertise of the geotechnical graduate students and
faculty, educational expertise of a CBBG faculty member
focused on engineering education, and expertise and support of
NHERI personnel in maintaining the equipment and providing
a facility for on-campus outreach activities. By strategically

leveraging their resources (funding, equipment, space, time,
and expertise), the NHERI centrifuge facility and the CBBG
are able to implement sustainable outreach and mentoring
programs with the mission of educating future geotechnical
engineers and broadening participation from underrepresented
groups in engineering.

FUTURE DIRECTIONS AND RESEARCH
OPPORTUNITIES

The validation of advanced computational models persists
as an overarching challenge in hazards engineering due to
the variety of multi-scale, multi-physics, coupled nonlinear
interactions that come to the forefront in different realizations
of natural, extreme hazards. The 9-m centrifuge enables
validation of complex mechanisms through physically large and
holistic experiments that support inverse analyses of data from
dense instrumentation arrays. The 9-m and 1-m centrifuges
together enable validation from component to holistic levels
of system complexity. The three research examples presented
above illustrate how densely instrumented models with inverse
analysis techniques can provide multiple levels of data for
validating computational models, from local to global features
of response. Validation against measurements of complex
local mechanisms provides a higher-resolution evaluation of
computation models than is possible with conventional tests and
can help identify computational modeling limitations that affect
simulation accuracy and generalization at a global scale.

The 9-m and 1-m centrifuges also provide unique
opportunities for developing and validating engineering
procedures for determining, for a range of challenging soil
types, the characterizing properties required for advanced
computational models (Bray et al., 2017). Determining soil
properties for heterogeneous natural deposits or constructed fills
across the scale of civil infrastructure systems usually involves
a program of in-situ testing (destructive or nondestructive)
and/or laboratory testing of field samples as well as significant
engineering judgment in interpolation and interpretation. All
currently available in-situ tests, sampling tools, and laboratory
tests have known limitations in certain types of soils. Worse yet,
there are a broad range of soil types for which no reliable in-situ
test or sampling procedure has been developed, which makes
the estimation of properties a dominant source of uncertainty in
the application of advanced computational models. Examples of
challenging soils include sensitive clays and silts (e.g., instabilities
due to strain softening), gravelly and cobbly soils (e.g., particle
size effects for in-situ tests and loading responses), carbonate
soils (e.g., highly crushable), flyash from coal combustion (e.g.,
crushable and chemically reactive), intermediate soils (e.g.,
interpretation of in-situ test data in clayey sands to sandy silts),
and finely inter-bedded sands and fine-grained soils (e.g., effect
of inter-bedding on composite response, and lack of resolution
in in-situ test data in thin layers).

The paucity of applicable physical data or case histories for
many soil types means that their expected behaviors under
generalized loading are poorly understood and the procedures
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for estimating their properties lack appropriate validation (Bray
et al.,, 2017). Centrifuges provide opportunities to obtain inflight
characterization tests (e.g., vane shear, T-bar, CPT, Vi, V,,
and samples for lab testing) and system performance data on
the same specimen. The 9-m centrifuge offers the greatest
capability for performing these characterization tests in models
with realistically holistic levels of system complexity (including
geologic complexity, such as inter-bedded sand and silt deposits)
and minimizing scale effects (e.g., distorted ratio of penetrometer
size to particle or interlayer size). Smaller centrifuges could
contribute as well, but their smaller sizes limit model complexity
and increases scale effects for some soils and characterization
tests. Testing at 1-g in soil boxes can also contribute, but even the
largest available 1-g soil boxes have significant limits on model
complexity and achievable overburden stresses. Combinations of
experiments using the NHERI centrifuge facilities (UC Davis),
mobile field dynamic shakers (UT Austin), and large 1-g soil box
(UCSD) can provide flexibility and potential synergy for enabling
progress across many of the above challenges.

There are numerous other opportunities for technical
breakthroughs on issues affecting specific infrastructure systems
under loadings from earthquakes, waves, wind, and storms.
Examples include the effects of ground deformations or erosion
on underground pipelines, effects of tsunamis or storm surge
on levees and foundations (e.g., Exton et al., 2018), effects of
breaking waves on seashore stability (e.g., Takahashi et al., 2019),
effects of storms and earthquakes on foundation systems for near-
shore and offshore wind turbines (e.g., Zheng et al., 2019), and
development of innovative, low-cost ground improvements for
residential homes or levees where society requires a finer balance
between costs and performance (e.g., Ishii et al., 2017).

The effective use of centrifuge modeling for geotechnical
research requires awareness of several limitations inherent to
physical modeling of natural soils as well as the centrifuge
environment. The vast majority of physical models, using a
centrifuge or shaking table, are constructed using reconstituted
soils, which means that numerous environmental factors known
to have strong effects on soil properties in the field (e.g.,
depositional process, over-consolidation, prior seismic loading,
age, cementation, pore water chemistry, or thixotropy) are
not represented. The large majority of physical models focus
on idealized soil profiles with uniform properties within
individual soil layers, which means that the influence of
stratigraphic complexity and spatial variability remain under-
studied experimentally. Centrifuge models are often unable to
accurately reproduce complex construction processes, such that
certain aspects may be inadequately reflected in the observed
responses (e.g., increases in lateral stresses or densification
due to vibro-replacement or vibro-installation of piles, drains,
and other reinforcing elements), or complex structural systems
(e.g., reinforced concrete). Different physical processes (e.g.,
dynamic shaking and pore pressure diffusion), follow different
scaling laws; if these different processes are concurrent and
coupled, compromises or special adjustments (e.g., scaling
pore fluid viscosity) are required. Model containers impose
boundary constraints that may inhibit certain phenomena (e.g.,
lateral deformations, radiation damping), which means that

the selection of the model container requires foresight on the
likely responses and interpretations, and that model containers
generally need to be included in numerical simulation models.
These and other limitations, such as those previously noted
regarding scaling limitations with smaller centrifuge models, are
generally well-recognized (e.g., Taylor, 1995) and in many cases,
represent opportunities for future researchers to overcome.

A combination of NHERI facilities could be particularly
effective for addressing some of these problems and more; e.g.,
the performance of near-shore wind turbines could be examined
using model tests at the wind facilities to understand their
dynamic responses, model tests at the centrifuge facilities to
understand the performance of different foundation systems, and
the mobile shakers to characterize the response characteristics of
turbines in the field. These and other pressing research needs offer
opportunities for partnerships between industry, academia, and
public agencies utilizing the centrifuge facilities in combination
with other NHERI facilities (wind, tsunami, mobile shaker, 1-
g shake table, and RAPID) to contribute to safer and better-
managed infrastructure systems.

Enhanced gravity testing also has the potential for increased
utilization in scientific disciplines other than geotechnical
and hazards engineering, as evidenced by various applications
described in the literature. Centrifuge modeling has been
used to study a range of geoenvironmental problems, from
contaminant transport (Culligan-Hensley and Savvidou, 1995)
to site remediation strategies (Marulanda et al., 2000); a number
of geologic processes, including intrusions (Dixon and Simpson,
1987), faulting (Koyi and Skelton, 2001), and ice mechanics
(Langhorne et al., 1999; Guerin et al., 2016); a number of
manufacturing processes, including welding (Aidun and Martin,
1998), casting (Fukui, 1991; Zhang et al., 2018), and powders
(Thomas and Beaudoin, 2015); and processes related to gasses
and fires (Most et al., 1996). The “Spin your thesis” program
by the European Space Agency’ encourages a wide breadth
of potential applications by enabling student researchers to
perform research on self-selected topics, with many related to
fluids and biological processes, on a centrifuge with centrifugal
accelerations up to 20 g.

CONCLUDING REMARKS

The NHERI facility at UC Davis provides the national
research community with open access to 9-m and 1-m radius
geotechnical centrifuges, offering unique and versatile modeling
capabilities for advancing methods to predict and improve
the performance of soil and soil-structure systems affected by
earthquake, wave, wind, and storm surge loadings. Three research
projects related to seismic hazards - liquefaction effects on
a submerged subway tunnel, rocking of shallow foundations,
and remediation of liquefaction by MICP - were used to
illustrate the facility’s capabilities and the complementary roles
of the 9-m and 1-m centrifuges. The 9-m centrifuge models
with holistic levels of complexity are particularly effective for

3https://www.esa.int/Education/Spin_Your_Thesis; accessed April 26, 2020.
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the building of basic science knowledge and the validation
of advanced computational models from the component to
the holistic system level. The NHERI centrifuge facility has
helped strengthen academic-industry partnerships to bridge
science and practice, contributed to the development of codes
and guidance documents, produced and shared large datasets,
trained practitioners, and provided uniquely broad educational
experiences to a diverse group of researchers.

Some future research opportunities using the NHERI
centrifuge facilities were discussed, although the scale and
breadth of multi-physics, systems-level challenges that society
faces are greater than could be covered in this paper.
Opportunities for enhanced gravity testing in technical
disciplines other than geotechnical and hazards engineering
were briefly discussed to illustrate opportunities for any user
to leverage this national shared use facility. The authors expect
the coming decades will see continued advances in centrifuge
modeling technology and a broadening of its utilization.
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