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Motivation: Rocking footings are specially designed shallow foundations that have smaller plan
dimensions than those dictated by typical bearing capacity factors of safety so that they will rock
during earthquake shaking, forming a plastic hinge in the foundation soil rather than within the
superstructure. Rocking footings are designed to naturally re-center themselves during and after
shaking owing to the pull of gravity as they uplift about their edges for induced moments less
than the maximum overturning moment. However, the rocking motion itself inherently involves
uplift which must be accommodated by the superstructure as well. This can lead to problems of
kinematic compatibility and is a major source of uncertainty that structural engineers must
consider in the bridge system design. By developing a strategy to control the detrimental
kinematics of plastic hinge formation in rocking footings, geotechnical engineering practice can
move towards embracing a cost-effective solution and its implementation in performance-based
engineering of transportation infrastructure. The proposed approach, via implementation of
ground improvement strategies below rocking foundations, supports use of readily accepted
concepts in geotechnical practice to control the kinematics of rocking footings.

Objectives: The primary research goal of this study is to better understand the kinematics of a
relatively heavily loaded shallow footing during rocking on improved ground by performing
shake table tests on the UC San Diego centrifuge. Tests conducted aim to show how each
specific ground improvement strategy affects performance metrics such as settlement, re-
centering, and energy dissipation of a rocking footing. Results from these physical model studies
support the development of improved numerical model-based predictions, while also promoting
the use of safely- and effectively-designed rocking footings in engineering practice.

Methodology: In developing the centrifuge shake table testing program for rocking footings with
ground improvement, practicing engineers in California were consulted to identify the most
common ground improvement strategies used in conjunction with shallow foundations used to
support transportation infrastructure. Ultimately this consultation led to the selection of soil-
cement mixed columns as the primary ground improvement strategy, with a focus on improving
dry, medium dense sand (where settlement is often the primary concern) and supporting a
shallow foundation at a single bent bridge, for investigation in the present study. The shallow
foundation-bent supported specimens were designed following details of an archetype bridge,
with a configuration common in California. While the focus of this study is on the effect of
specific ground improvement techniques, two different single-degree-of-freedom (SDOF) type
structures were tested. The pair of structures had identical footing size and shape, but one was
more heavily loaded than the other to permit a comparison between structures with varying need
for ground improvement to mitigate detrimental kinematics during shaking. Shaking protocols
followed guidance in FEMA 461 (2007) for evaluating structural members and subsystems
subject to seismic events from low to high severity. The data was analyzed to understand the
effects of different ground improvement characteristics on the settlement, recentering, and
energy dissipation potential of the rocking footings.



Results: Two different single-degree-of-freedom (SDOF) structures, one heavily loaded

(A/Ac =5) and the other very heavily loaded (A/Ac¢ = 3.5), and supported by a relatively small
rectangular shallow footing on dry, medium loose, pluviated sand were tested. It was found that a
pair of cement-mixed columns placed at the footing ends, extending to about two footing widths
depth, and mixed to a strength at least two times greater than is typical in a field application,
reliably reduced settlement to just 30% of an identical footing without Ground Improvement (GI)
through a demanding series of seismic events. Meanwhile a 3D-printed geogrid with strength and
stiffness significantly greater than a commercial product was found to preserve re-centering
especially well when placed near the bottom of footing, and to reduce settlement especially well
when placed at about one footing width below bottom of footing. Most importantly, both
techniques preserved the beneficial aspects of uplift and energy dissipation of their non-ground-
improved analogs. While each of these GI techniques required greater strength and stiffness to
achieve these high performance metrics, associated construction costs could be expected to be
quite reasonable owing to their limited geometric extent; that is, the ground improvement is
localized to a small zone immediately surrounding the footing.

Conclusions: While previous studies have already proven the beneficial attributes of rocking
footings in terms of dissipating energy and reducing the likelihood of structural damage, this
study proves conclusively that, with localized and relatively simple ground improvement
techniques, the detrimental side effects of excessive settlement and residual deformation can be
reliably mitigated. An extensive array of ground improvement techniques involving both sand-
cement mixed columns and geogrid reinforcement were investigated via centrifuge testing and
ultimately ranked according to a variety of performance metrics.

Future directions/References: The valuable experimental data obtained from this study might
form the basis of additional guidance in design codes such as ASCE 41.
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Footing response with and without GI. Note that footing with paired columns exhibits greater
moment capacity, reduced settlement, & improved re-centering.



