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ABSTRACT

The goal of this research is to address concerns about the suitability of using rocking shallow
foundations for bridges. The research quantifies how combined moment, and shear, and axial
loading affect behavior rocking behavior and illustrates the beneficial energy dissipation and
self-centering characteristics that shallow foundations can introduce to the system. Due largely to
these self-centering characteristics, rocking foundations appear to be quite resistant to instability
as a result of P-A effects.

Even if design guidelines were made to allow for rocking and the design philosophy
included using shallow foundations as a mechanical fuse limiting structure loads, allowing soil to
yield under a shallow foundation and mobilization of the moment capacity of the footing will not
be used unless there is an accurate method of analysis. For this reason, existing elements and
analysis tools available in OpenSees were exercised to show that they can reasonably predict the
behavior of rocking foundation systems.

Several centrifuge tests were carried out at UC Davis on models of single-column bridge
bents on shallow foundations. The experimental data from these tests along with the experiments
done by many researchers (Gajan et al. 2005; Taylor et al. 1981; and Faccioli et al. 2001; and
others) on the load-displacement behavior of shallow foundations and soil-structure interaction
shed light on the rocking behavior of a shallow foundation and its influence on a bridge
superstructure. The experimental data were then used to exercise and verify finite element tools

for a range of structures on rocking foundations.
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1 Introduction

1.1 MOTIVATION

According to the Caltrans Technical Report Bridge Retrofit Construction Techniques, “Footing
work tends to be the most difficult and costly of all retrofit measures. It should be avoided at all
costs.” The three options discussed for shallow foundation retrofitting in this document are
adding piles and tie downs, and increasing footing dimensions with multiple references to
creating resistance to uplift of the footing.

The statements in the document summarized above are part of the motivation behind the
research of the rocking behavior of bridges on shallow foundations. First, foundation work is
expensive. Second, the retrofit decisions are limited to fixing the foundation and preventing
uplift which, in fact, has been observed to be beneficial to structures during earthquakes
(Housner 1963).

Other than retrofit decisions, engineers need to make decisions when constructing new
bridges. For seismic design, the seismic design criteria (SDC v1.4 2006) and numerous memos
to designers (MTD) are available. The seismic design philosophy is described in the MTD 20-1.
Understandably there should be a pre-determined location of damage which can easily be
inspected and repaired after an earthquake. MTD 20-1 indicates that the preferred locations for
inelastic behavior are the columns, pier walls, back walls, wingwalls, seismic isolation and
damping devices, bearings, shear keys, and steel end-diaphragms. There is no mention of
designing for inelastic behavior of the soil under a shallow foundation.

This leads to the other motivation behind this research besides the question of use of
rocking as a way to decrease retrofit costs and improve seismic performance, which is design
philosophy. The current design philosophy is based on the ductility capacity of structural
members. It ignores the soil yielding under a shallow foundation as a ductile member even

though it exhibits the characteristics desired in designed ductile failure members.



Although nonstructural members are not explicitly mentioned in the seismic design
philosophy of MTD 20-1, it seems that the SDC recognizes the effect of foundation flexibility
and takes it into account when calculating ductility demands in the structure. For new
construction the SDC requires that the foundation capacity must exceed demands and that the
nominal capacity of the foundation must be large enough to ensure that a column reaches its
capacity first. The foundation capacity referred to is the capacity of the structural elements of the
foundation as well as the soil-foundation interface strengths; consequently, the mobilization of
the moment capacity of a shallow foundation is not allowed. The absence of any formulas for
shallow foundation design, no mention of shallow foundations in seismic design, and
concentration on the design of pile foundations in the SDC discourages the use of shallow

foundations when there is any potential for rocking.

1.2 GOAL OF RESEARCH

The goal of this research is to address the concerns over using shallow foundations and to try to
quantify and understand the phenomenon controlling:

» capacity (vertical, moment, shear load combinations)

o tip over (dynamic)

 instability (static, because of stiffness degradation and P-A effect)

o energy dissipation

« self-centering characteristics
and to then determine if the rocking of a shallow foundation is acceptable as a ductile component
in design.

The last part of this research is to explore and exercise current analysis tools. Even if
design guidelines were made to allow for rocking and the design philosophy included using
shallow foundations as a mechanical fuse limiting structure loads, allowing soil to yield under a
shallow foundation and mobilization of the moment capacity of the footing will not be used
unless there is an accurate method of analysis. With the extreme importance of and focus on
minimizing risk in engineering today, it is important to have a reliable way to predict behavior
with reasonable precision. For this reason, accurate methods of analysis are necessary in order to

account for foundation rocking in design.



In order to reach these research goals several centrifuge tests were carried out at UC
Davis on model single-column bridge bents on shallow foundations. The experimental data from
these tests along with the experiments done by many researchers (Gajan et al. 2005; Taylor et al.
1981; Faccioli et al. 2001; and others) on the load-displacement behavior of shallow foundations
and soil-structure interaction (SSI) shed light on the rocking behavior of a shallow foundation
and its influence on a bridge superstructure. This experimental data are then used to exercise and
verify finite element tools for a range of structures for which the tools had not been previously

verified.

1.3 PREVIOUS RESEARCH ON SHALLOW FOUNDATIONS: SYSTEMS,
CONCEPTS, AND CONTROLLING PARAMETERS

1.3.1 Soil-Footing-Structure Rocking System

The rocking of a structure on shallow foundations is in most cases examined in one plane of
motion. The three degrees of freedom associated with this plane of motion are vertical
translation, horizontal translation, and rotation about the out-of-plane axis. Unless otherwise
specified the notations used for the forces on the footing are those proposed by Butterfield et al.
(1997). V is vertical load (positive downward), H is shear on the footing, and M is the moment

on the footing about point O, as indicated in Figure 1.1.

v

o) H

Fig. 1.1 Footing forces.



The soil-foundation-structure system examined in this report is a lollipop-like structure
on a shallow spread footing. This model is used to simplify the typical single-column bridge
bent. For the most part, motion is restricted to one plane in the modeling and analysis of this
soil-structure system. The mass distribution is mainly in the footing and bridge deck with a
typical footing mass of 15%-30% of the bridge deck mass. The footing and bridge deck are
assumed to be rigid bodies, each with the three degrees of freedom described above.

Udeck rock Udcek_flex

Initial Position
Rocking Position

Fig. 1.2 Schematic of rocking system bridge system with displacements.

When the structure is loaded the foundation settles, slides, and rotates. As the foundation
rotates, one corner will start to uplift, reducing the soil-footing contact length. As the soil-
footing contact length decreases, the pressure under the footing increases as vertical equilibrium
is satisfied. At some rotation the pressure under the portion of the footing in contact with soil
reaches the ultimate bearing capacity (qui). Once the soil has reached its bearing capacity, the

length of footing in contact with soil has reached what will be called the critical contact length
4



(Lc). The contact length cannot become smaller than L¢ as long as the bearing capacity does not

increase and the vertical load remains constant.

Soil Surface
T
e
J I // /// ///

/—‘R(L-LC)/Zi »J
Fig. 1.3 L, L, rotating footing, forces, reaction, and pressure distribution.

1.3.2 Controlling Parameters

The response of a rocking shallow foundation is affected by both material and geometric
nonlinearities. The material nonlinearity will be controlled by the soil failing under L. This in
turn dictates how the soil surface is rounded during rocking that controls the geometric
nonlinearities. So, the geometry affects the yielding which in turn affects the geometry. This
interaction between geometric and material nonlinearity, in addition to the nonlinear behavior of
structural components, makes the characterization of the global nonlinear behavior difficult to
understand. The most important parameters controlling the load-deformation behavior of a
shallow foundation (for the case of lateral loading with constant vertical load) have been found
to be the vertical load (V), the critical contact length (L¢), the length of the footing in the plane
of rocking (L), and the ratio of moment to shear on the footing (Gajan 2006).



1.3.3 Load Capacities

It is assumed in the following formulations that the pressure distributions under the soil-footing
contact area are constant. Many researchers have shown that the actual shape of the pressure
distribution has a small effect on the calculated capacities. Under pure moment and vertical
loading the capacity can be calculated by summing moments about point O in Figure 1.3 and by
assuming that the resultant soil reaction R is equal to V for small rotations.

Mcap:g'(L_Lc) (1.1a)

Factoring out L from the second term in Equation (1.1a),

V-L L
Mcap:T'(l_ch (1.1b)

The ratio L¢/L is shown by Gajan et al. (2005, 2006) to control the capacity (Eq. 1.1), the energy
dissipated in the soil under the footing during earthquakes, and the dynamic and permanent
displacements of the footing. In many cases the ratio Lc/L is written as q/qui or 1/FSy, where

FSy is the vertical factor of safety on bearing capacity. The fact that L¢ is a function of the

dimensions of the footing-soil contact area is often ignored. The approximation of

L_c _ 49 fullcontact _ 49 fullcontact 1 (1.2)
L qultyq, (LC,BC,C', o, y,Df) qultycqp (L,B,c', o, 7/,Df) FSy
where
Lc = Critical contact length: ~ Length of footing in contact with soil when moment

capacity is mobilized
Bc = Critical contact width: ~ Width of footing in contact with soil when moment

capacity is mobilized

c’, 0’ = Soil strength parameters defining the failure envelope
Y = Effective unit weight of soil under footing
D¢ = Depth of embedment of footing

(qui)veap = Ultimate bearing capacity under pure vertical loading

(quidmeap = Ultimate bearing capacity under vertical and moment loading



is commonly accepted because the iterative procedure necessary for calculating L¢ gives a false
sense of accuracy given the uncertainty associated with calculating gy and the different bearing
capacity factors, shape factors, and depth factors possible to use in the general bearing capacity
equation. As FSy increases, the approximation of (qui)vesp €qual to (qui)mcap becomes less
accurate as the size and shape of the contact area change dramatically during rocking; however,
as FSy increases Mc,, becomes more of a function of the vertical load and the footing length.
For example, whether Lc/L 1s 1/15 or 1/30, the calculated M., using Equation 1.1 will differ by
only 3%.

Equation 1.1 shows the interaction between vertical load and moment capacity assuming
no shear; however, the moment capacity does depend on the shear as well as the vertical load.
Figure 1.4 shows a failure surface proposed by Houlsby et al. (2002) coupling the moment
capacity to the vertical and shear loads. Coupled V-H-M failure surfaces have also been
proposed by other researchers for both “cohesive” and “cohesionless” soil. One of the first of
these types of failure surfaces was proposed by Georgiadis and Butterfield (1988) and verified by
1g tests on surface footings under different load combinations on sand.

The interaction between moment and shear capacities becomes important when the ratio
of moment to shear is not large. It is convenient to use dimensionless quantities to describe the
interaction so the ratio of moment to shear is normalized by the length of the footing. Although
convenient, normalizing by the footing length does not remove all bias in the capacity
interaction. Experiments by Gajan, Rosebrook, and Kutter show that for the same ratio of
M/HL, increasing foundation embedment will increase the moment capacity closer to the
theoretical capacity in Equation 1.1. Also, Gajan (2007) shows that for the ratio of M/HL above

about 1.7, the effect of shear on moment capacity is negligible.



Fig. 1.4 Load capacity surface proposed by Houlsby and Cassidy (2002).

1.3.4 Energy Dissipation

Energy dissipated by rocking foundations was formulated by Housner (1963) for rigid blocks on
a rigid half space. The assumptions used in this mathematical formulation are valid in many
instances where energy is dissipated by radiation damping on an elastic base. If the base is
elastic, the only way energy can be dissipated in the rocking mechanism is through radiation
damping as assumed by Housner in his formulation and formulated in design procedures by
Priestley et al. (1996). However, foundation uplift increases bearing pressures and commonly
loads the soil well into the nonlinear range. The material hysteresis becomes a significant
portion of the energy dissipation. Similar to the radiation damping formulation by Housner,
material damping in the soil increases with the amplitude of displacement (settlement, sliding, or
rotation). The hysteretic energy dissipated in the soil by foundation rocking can be summarized
in the following equation:

AW =V -ds+H -dU pyor )0+ M -d6 (1.3)

For the typical bridge structure, most of the energy is dissipated in moment-rotation
hysteresis. However, it is important to note that the V-ds and H-dU terms in Equation 1.3 cannot
always be ignored. The main factor affecting the ratio of the energy-dissipation terms is the
normalized moment to shear ratio (M/HL) (Gajan 2006). As this ratio decreases, the sliding
mode participates more, which leads to more shear-sliding hysteresis (Fig. 1.5).
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A comparison of different energy-dissipation curves for rocking rigid blocks is shown in

EDR =

Area _of _hysteresis _loop

4-(M _max_cycl ) (6_max_cycle)

Fig. 1.5 Effect of FSV and M/(HL) ratio on the ratio of energy dissipation through rocking
mode to sliding mode in lateral cyclic tests: (a) M/(H-L) = 1.75, (b) M/(H-L) = 1.24,
(c) M/(H-L) = 0.42 (Gajan 2006).

Figures 1.6a—b. The first set of figures show both measured energy dissipation per cycle and
energy-dissipation ratio (EDR) from centrifuge experiments by Gajan et al. on rocking shear

walls that were rigid relative to the foundation flexibility. EDR is defined by Gajan (2006) as:




where M_max_cycle is the peak moment for the given cycle and 6 _max cycle is the footing
rotation corresponding to the peak moment for that cycle. EDR turns out to be proportional to

the equivalent viscous damping term defined by Chopra (2001).
V4
EDR:E-g“eqzl.STé’eq (1.4b)
Figure 1.6b is based on the procedures in Priestley et al. (1996). The third comparison is
to the design procedures used by Caltrans engineers and consultants (Alameddine et al. (2002),

which assumes that a 10% damped spectrum leads to 30% reduction in spectral values from a 5%

damped spectrum.
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Fig. 4.53 Ratio of energy dissipation through foundation rocking versus
amplitude of rotation for lateral cyclic (M/(HL) = 1.75)
and dynamic tests (Heg/L = 1.8) with different FS,; range

Fig. 1.6 (a) EDR for rocking of rigid blocks based on centrifuge tests (from Gajan 2006)
and (b) EDR for average structure in Fig. 1.6a (from Priestley et al. 1996) based on

radiation damping on elastic half space (after procedures from Priestley et al.
1996).
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It is clear from Figures 1.6a—b that the assumption of the foundation as a rigid body on an
elastic half space with only radiation damping is not valid in the case of shallow foundations
rocking on soil because the predicted energy dissipated by radiation damping is an order of
magnitude less than the measured values from centrifuge experiments. Also, using 10%
damping across the board for foundation rocking will likely lead to unrealistic results, as the
damping will be greatly underestimated. The rocking response is greatly determined by the
energy dissipated in soil hysteresis, which is not included in the procedures proposed by
Priestley. Hysteretic energy dissipation is a function of displacement amplitudes, which during a
typical earthquake can lead to damping ratios of up to 50% (EDR of 80%), whereas radiation
damping is frequency dependent. The contrast in stiffness between the soil and a rocking
structure is not usually as favorable to radiation damping as hysteretic damping in the soil. The
dominance of material damping has been shown in similar amounts of energy dissipated in
pseudo-static and dynamic loading of structures on shallow foundations by Gajan (2006).

Aside from the amplitude of rotation the factor of safety on bearing capacity also affects
the energy-dissipation ratio. Numerical modeling by Hu (2006) shows that the damping ratio

and EDR of a rocking footing decreases as the factor of safety on bearing capacity increases.
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Fig. 1.7 Effect of factor of safety on the normalized energy dissipated under a rocking
shallow foundation (after Hu 2006).

1.3.5 Structure Displacements

In the end, the single most important response characteristic that a design engineer cares to know
is that the displacements of the superstructure are within some allowable range. This is dictated
partly by the dynamic behavior of the structure and partly by the behavior of the foundation (Fig.
1.2). When motion is restricted to one plane both the deck mass and the footing which is
typically 15-30% of the deck mass have three degrees of freedom. Depending on

o the mass distribution,

« the stiffness, the capacity, and the damping of each mode

« and the loading scenario
the contribution of each of these modes can vary. Although under general loading any of these
modes can be significant, in the analysis of rocking bridges under earthquake loading, the
rotation of the footing and horizontal displacement of the bridge deck typically have been the

only two modes considered in the rocking analysis of bridges.
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In general, the dynamic behavior of bridges on shallow foundations has been analyzed
from the structural engineer’s perspective, while the general load-deformation behavior of
shallow foundations has been studied extensively by geotechnical engineers.

Gajan (2006) described in detail the effect of the vertical factor of safety on bearing
capacity (FSy), moment to shear ratio (M/HL), depth of embedment, soil type, footing geometry,
and unsymmetrical loading on load capacities, energy dissipation, and footing displacements
under both pseudo-static and dynamic loading. From the geotechnical engineer's perspective
many of the important parameters and their effects on displacements are summarized in Figure

1.8.
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Fig. 1.8 Permanent settlement caused by cyclic rotation: slow cyclic and dynamic test
results on sand for various FSy and Dr (for height of push ~ 4-5m). (After Gajan
2006).

Although it is difficult to overstate the importance of the load-deformation behavior of
the foundation on the overall bridge response, the assumptions of the behavior of the foundation
made in analytical, numerical, or experimental models by different researchers all vary
significantly.

Some examples of common approximations for modeling of a rocking bridge are

o The soil is modeled as
° a rigid half space with radiation damping on impact (Housner, Priestley, Zhang and
Makris, WinROCK, others),
> abed of pressure-independent elastic springs (only geometric nonlinearities) (Mergos
and Kawashima 2005),
14



> abed of pressure-independent elastic perfectly plastic springs (geometric and material
nonlinearities) (Mergos and Kawashima (2005)),
> rubber (Espinoza et al., Sakellaraki et al. (2005)).
o The foundation is modeled as free to
° rotate,
°  rotate and translate,
° rotate and settle, and

°  rotate, translate, and settle.

The results from all of these experiments with various modeling techniques and boundary
conditions mostly show that allowing the foundation to rock reduces moment demands in the
column and increases horizontal displacement demands on the bridge deck. The extent to which
rocking reduces the moment demand depends on both the ratio of the horizontal stiffness and the
capacity of the column to rotational stiffness, and the capacity of the foundation, damping, and
the input motion. It is also important to note that allowing the foundation to rock does not
guarantee reduced moment demands or increased displacement demands in all cases. If the rate
of energy dissipation increases significantly as displacements increase, or the predominant input
motion frequency is larger than the rocking fixed-base fundamental frequency of the structure,
the opposite may be true.

Mergos and Kawashima (2005) examine the effects of uniaxial, biaxial, and triaxial
excitation on a bridge on a square shallow foundation of varying size (Fig. 1.9). The model
includes a constant bearing capacity and a 3-D Winkler foundation of elastic perfectly-plastic
springs. They found that multi-axial excitation reduces moment demands in the column but

increases deck displacements. This same trend is seen as the foundation size decreases.
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Fig. 1.9 Influence of size of footing on response of bridge: (a) Maximum deck

displacements due to foundation rocking; (b) maximum curvature ductility
demands at base of pier. (After Mergos and Kawashima 2005).
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2

2.1

Centrifuge Experiments on Rocking Bridge
Foundations

INTRODUCTION

A substantial amount of research has been conducted on the load-deformation behavior of

shallow foundations and on the SSI of rigid bodies on soil and flexible structures on rubber,

including numerical simulations of many of these systems. However, prior to the centrifuge tests

described in this report, there have been no experiments on large flexible bridge structures that

typically have large factors of safety with respect to bearing capacity. Some aspects modeled

that are in combination unique to the JAUO1 test series are:

Relatively large structure with a flexible column;

Large ratio of center of gravity/footing width (M/hL);

Large contact pressures and large factors of safety comparable to typical bridge footing;
many previous experiments were on smaller footings applicable to buildings;

Soil used under the model footing (not rubber or other flexible soil substitutes);

Dynamic earthquake ground motions applied to some structures;

Slow controlled cyclic footing loading applied to some structures;

Multiple shaking events;

Square footing geometries; and

Realistic footing boundaries without restriction of out-of-plane movements.

The scope and the important procedures of the centrifuge test will be described herein,

although more details about the test setup and procedures can be found in the centrifuge data

report for JAUOI (Ugalde et al. 2008).



2.2 CENTRIFUGE MODELING PRINCIPLES

As described by Schofield (1980), Kutter (1995), and Wood, scaling factors for centrifuge
modeling are well established in the literature. The basic centrifuge scaling laws can be derived
by defining the length scale factor as L* = L,/L, by assuming that identical materials are used in
the model and the prototype (hence material densities scale according to p* = pn/p, = 1), and by
requiring that the stresses in the model should scale to be identical to those in the prototype; i.e.,
6* = 6m/0;, = 1. Because soil has nonlinear mechanical properties that are a function of confining
stress, it is important that stresses scale one to one. Simple dimensional analysis shows that 6* =
1 may be accomplished by increasing accelerations (including gravity) by a factor a* = 1/L* and

scaling time by t* = L*. For the JAUOI test series experiments discussed in this report, L* =

1/42.9 and a* = 42.9.
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Fig. 2.1 Centrifuge scaling laws.

It is important to note that while stress scales properly, soil plastification and ultimately failure,
usually characterized by development of shear bands, do not scale. This is because the length
scale of the failure zone (shear band) is usually 5-20 soil particles, which, if the same soil is used

in the prototype and model scales, does not scale. This lack of scaling might have implications
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for the observed mechanical behavior and especially for energy dissipation in the model scale,
which will not be possible to scale up to that of the prototype. This lack of scaling of the failure

zone needs to be further investigated.

2.3  JAUO1 TEST PROGRAM

JAUO1 was the first test series undertaken to understand the rocking behavior of bridges on
shallow foundations under nonlinear moment, shear, and vertical loading. The test is part of a
collaborative project with UC Berkeley, including 1-g shake table testing, in order to recommend
improved design guidelines for bridges on shallow foundations. Both rigid and flexible
structures were placed on a dense sand foundation. The rigid structures were used in pseudo-
static cyclic horizontal push tests in order to carefully explore the cyclic load-deformation
behavior of different sized shallow foundations. These pseudo-static tests are referred to as
“slow-cyclic” tests in figures and text, consistent with the terminology used by Gajan et al.
Flexible “lollipop” structures consisting of aluminum columns and steel masses representing the
bridge deck were used to model the dynamic response of single-column bents on shallow
foundations subject to earthquake loading.

Testing was performed on many test structures that were placed at different stations in a
large soil container. The structures were spaced so that they were an adequate distance from
each other and the walls of the container. Each structure location was given a station name,
Station A through Station G. Slow cyclic tests at Stations A and B were directly loaded with a
hydraulic actuator and Stations C through G (Figs. 2.2 and 2.3) were excited by ground motions
applied to the base of the soil container.

The model tests were scaled from typical bridge configurations used by Caltrans. The
prototype footings were square with widths of 3, 4, or 5 times the diameter of the column (Dc
=1.8 m). The prototype scale mass and width of the footings at dynamic stations C, D, E, and F
are (336 Mg, 8.9 m), (246 Mg, 7.1 m), (173 Mg, 5.4 m), and (246 Mg, 7.1 m), respectively. The
mass of the deck at stations C, D, E, and F is 926 Mg. The fixed-base natural period of these
structures is 1.6 sec. The total structure mass and footing width of structures at stations A and B
are (1250 Mg, 8.9m) and (1080 Mg, 5.4m) respectively. Nevada Sand (mean grain size of 0.15
mm) was placed by dry pluviation in air to a uniform relative density of about 80% to create a

210 mm deep soil deposit in the 1.76 x 0.9 m (75.6 x 38.9 m prototype scale) model container.
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For this density, and for pressures appropriate to the footing loads, the friction angle is about
40°—42° (Gajan 2006). The foundation soil contained accelerometers for measuring both vertical
and horizontal accelerations.

The vertical bearing capacity of a shallow foundation on sand for bridge structures turns
out to be quite large (F = 17 to 50 for the experiments described here). This large factor of safety
with respect to bearing capacity is reasonable because the governing criteria for large footings on
sand tend to be the allowable settlement and the required moment capacity; bearing capacity
does not determine their size. The footings are sized by allowable bearing pressures. The
footings described herein had bearing pressures that ranged between 80% and 150% of the
pressure that would be expected to cause 25 mm of settlement under the static vertical loads.

The prototype structure was a typical reinforced concrete (RC) single-column bridge bent
modeled as a “lollipop” structure with a deck mass and column connected to a shallow spread
footing. Figures 2.2 and 2.3 depict the system modeled in the centrifuge tests carried out at UC
Davis. The deck was modeled by a steel block; the reinforced concrete column was modeled by
an aluminum tube that had a bending stiffness EI closely scaled to the calculated EI of the
cracked section of the prototype concrete column. The footings were constructed of aluminum

plates with sand glued to their bases to provide a rough concrete-like interface with the soil.
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Fig. 2.2 Side view of structures and instrumentation for dynamic test and slow cyclic
test.
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(b} (c)

Fig. 2.3 (a) Two dynamic stations fully instrumented. (b) Gapping around perimeter of
footing after slow cyclic test. (¢) Connection between top of rigid wall with bearing
rail attachment to load cell and actuator in a slow cyclic test.

For slow cyclic tests, the vertical load on the footing was scaled, but the distribution of
the mass and the stiffness of the structure were not considered important parameters. Therefore,
essentially rigid steel plates were used to provide the desired mass, and the wall acted as a
vertical cantilever upon which lateral loads were applied by a hydraulic actuator acting
horizontally at a height approximately equal to the elevation of the effective height of center of

gravity of the prototype deck-footing system.
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2.4  LOADING AND TEST SETUP SEQUENCE

At the time that the sand was placed, all seven model foundations were embedded to a depth of
40 mm (1.7 m prototype) at seven stations (A—G). Structures at one or two stations were tested
during a given spin; the structures were bolted to their embedded foundation, then the centrifuge
was spun and the loading events were applied. After stopping the centrifuge, the model structures
were removed and new structure(s) were placed at other station(s) for testing in the next spin.

The sequence of testing involved 5 different spins. Prior to the first spin, a rigid wall
structure was attached to the square footing. Then an actuator was attached to the wall as
depicted in Figure 2.2. Teflon buttons against the sides of the wall provided the small lateral
load necessary to prevent out-of-plane movement as described in detail by Gajan (2006). After
spinning up to 42.9 g, slow cyclic lateral loading was applied by an actuator. The actuator was
typically commanded to apply packets of 3 cycles of a sinusoidal displacement wave. For
Stations A and B, 8 to 12 packets of sine waves with amplitudes varying between 0.14% to 5.4%
of the effective height were applied to the structure.

Structures at Stations C—G were subject to dynamic loading using the shaking table
mounted on the centrifuge to shake the entire model container. The ground motions imposed on
the model container were scaled and filtered motions from recordings from the Tabas 1978
earthquake and a Los Gatos recording of the 1989 Loma Prieta earthquake. These motions come
from the near-field records posted at the SAC Steel Project (2006) website. Twelve to fifteen
scaled motions were applied to each structure. The testing sequence for dynamic stations started
with low-amplitude step waves, followed by scaled-down earthquake ground motions, then large
amplitude earthquake ground motions and finally step waves similar to those applied before
strong shaking. The peak ground accelerations ranged between 0.1 g and 0.8 g.

The instrumentation is depicted in the drawings in Figure 2.2 as well as in the photos in
Figure 2.3. For slow cyclic testing, each structure was instrumented with a load cell to measure
the horizontal actuator load and four displacement transducers; any three of the four
displacement sensors was sufficient to determine the rotation, settlement, and sliding of the

footing.
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2.5 DATA PROCESSING PROCEDURES

The acceleration and displacement data were acquired using the data acquisition infrastructure

available at the center for geotechnical modeling. More details on the data acquisition

infrastructure are available at:
https://central.nees.org/?facid=276&equipid=294&action=EquipmentList.

LabView was used to acquire the data, which were then processed in Mathcad.

The procedure for processing the data for all tests begins with windowing the acquired
data set to capture some time before the loading event took place and some time after loading
had finished. The data in the original binary data file are windowed, and then exported as a text
file.

After windowing the original data files, the data were converted to prototype units using
the centrifuge scaling laws described in Section 2.2, the gain factor to account for the
amplification of the instrument signal, and the calibration factor that converts model-scale
electronic units into prototype scale engineering units. Once in prototype units, displacements
and accelerations were calculated using a combination of filtered scaled instrument readings.
These procedures can be seen in the Mathcad data processing sheets and procedures in the

JAUO1 data report (Ugalde et al. 2008).
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3 Experimental Results

3.1 INTRODUCTION

The model tests described herein and elsewhere have shown that the soil around the foundation
does not remain elastic and that a significant amount of energy is dissipated by foundation
rocking through moment-rotation, shear-sliding, and vertical load-settlement hysteresis (Gajan et
al. 2005; Taylor et al. 1981; and Faccioli et al. 2001).
Some of the known effects of rocking are summarized below:
o Peak moment demand in the column is limited by moment capacity of the foundation. In
this respect the foundation can act like a mechanical fuse.
o Uplift of a foundation stores gravitational potential energy. Closure of the gap upon
unloading restores the footing toward its initial position.
o Local bearing pressures increase causing plastic deformation of soil around the footing,
which is a source of hysteretic damping.
« Rocking results in lengthening of the natural period, which tends to reduce acceleration
and force demands and increase displacement demands on the superstructure.
o The magnitude of settlement caused by rocking depends on the number of cycles and

amplitude of loading, as well as the bearing capacity.

One goal of this report is to help engineers to quantify the above factors so that rocking
may be accounted for in the design process. If properly quantified, the benefits of rocking may

be used to reduce construction costs without unduly sacrificing performance.

3.2 EXPERIMENTAL RESULTS

The definitions of displacements and forces on the footing and deck mass are more general than

the terms used from Chapter 1 to describe rocking in one plane. In order to calculate forces and



displacements of the centrifuge model structures in all six degrees of freedom the displacements
in Figure 3.1 are used in calculating the structural load-deformation. The data from all of the
accelerometers and displacement transducers mounted at various points on the foundation and
the deck were combined and processed to provide the measurements of the translational and the
rotational accelerations, and the displacements at the center of gravity of the foundation and the
deck mass. The deck mass included attached instrumentation and half the column mass. The
footing mass included the attached instrumentation, half of the column mass, as well as the

plastic frame fixed to the foundation.
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Fig. 3.1 (a) Schematic of problem and definition of some system parameters.
(b) Definition of coordinate system and displacements; x is horizontal in
predominant plane of rocking and z is downward.

The rocking moment, My, and the horizontal sliding force, Fx ,computed at the base

center point of the footing are calculated as follows:

My = (m * ax * Hcg)deckcg - (] * ay)deckcg + (m * ax * H

- (] * ay )_/botingcg + (m * (lg - az) * _deeck/ foot )deckcg

cg )footingcg

(3.1)
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Fx = _(m * ax )deckcg - (m * ax )ﬁmlingcg (32)

The five terms in Equation (3.1) represent the moments due to lateral acceleration of the
deck, the rotational acceleration of the deck, the lateral acceleration of the footing, the rotational
acceleration of the footing, and the static and dynamic P-A moments. The greatest contributor to
moment is the first term, the inertial force from the deck mass. At large rotations the P-A term
becomes significant. The [*o terms of the deck mass and foundation are relatively small. But
inclusion of these terms in the equation resulted in significantly improved data quality. Some
“noise” that appeared in the data was eliminated by accounting for the moments due to the [*a

terms. The inertial forces associated with added mass of the soil adjacent to the footing were

neglected.

3.2.1 Slow Cyeclic Tests

As seen in Figure 3.2, both the smallest (B = 3 Dc) and the largest (B = 5 Dc) foundations show
large moment-rotation loops indicating significant energy dissipation. The moment capacity

shows negligible degradation with the amplitude of rotation.
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Fig. 3.2 Slow cyclic load-deformation behavior of footing (a) B=3 Dc (b) B=4. Dc.
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The footings show mobilization of their moment capacity at about 2% rotation. The
smaller footing (B = 3 Dc) has about 3/5 of the moment capacity of the largest footing (B = 5
Dc), consistent with expectations for rotation about one edge of the footing. The theoretical
moment capacity (Eq. 1.1) for the case of a square footing may be expressed as:

M,  =V(B-B,)/2 (3.3)

capacity

Where V is the vertical load, B is the footing width, and B, is the width of the footing
required to support the vertical load V. The fact that the moment capacity for the small footing
is slightly less than 3/5 of the capacity of the large footing is expected because the mass of the
small footing is slightly less than that for the large footing (vertical load V is slightly smaller)
and furthermore, for the small footing, B, is a larger fraction of the total width, B.

The shape of the moment-rotation loops for the large foundation differs from that for the
small foundation in that a larger percentage of the plastic rotation is recovered by the large
foundation. Figure 3.2(a) shows a sudden recovery of rotation while unloading from about 2.5 to
1.5 x 10’ Nm. The flag-shape-type hysteresis loop seen in the larger foundation is hypothesized
to be caused by soil falling underneath the foundation during uplift. The gap around the edge of
the footing, shown in Figure 2.3, appeared to develop by soil sloughing under the footing to fill
gaps formed during rocking. For a given amplitude of rotation, the size of the gap is
proportional to the footing size; because the gap is larger for a large footing, the sloughing of
particles under the large footing may be more significant than it is for the small footing.
Settlement rotation plots show that the larger foundation has a net uplift after the series of tests,
while for the smaller footing, there is a net settlement. This is also consistent with the hypothesis

that soil was falling into the gap under the large footing.

3.2.2 Dynamic Tests

Figure 3.3 shows the moment-rotation and the settlement-rotation response of the two structures
simultaneously loaded during a scaled version of the Los Gatos ground motion. These structures
are identical except for their foundation widths. During dynamic shaking both footings show a
net settlement. The larger footing has a larger bearing capacity and smaller rotations. The
shapes of the moment-rotation curves are similar to those observed in the slow cyclic tests shown

in Figure 3.2.
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Fig. 3.3 Moment rotation and settlement rotation loops for Los Gatos event scaled to
pga of 0.55 g . (a) Station E (B=3 Dc). (b) Station F (B=4 Dc).
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Figure 3.4 shows the time histories of column moment, deck acceleration, velocity and
displacement, and the footing rotation, settlement, and the horizontal acceleration for Stations E
and F. The column moment time histories show that the structure with B = 3 Dc has about 20%
smaller moment demand than the structure with B = 4 Dc. The acceleration along the shaking
direction at the center of gravity of the deck mass is proportional to the largest term contributing
to the moment (first term in Eq. 1). As such, it makes sense that the deck acceleration time
history is very similar to the column moment time history. (The sign of the moment and
acceleration time histories are opposite due to the sign convention.) The deck velocity for B = 3
Dc has only two large peaks, while that for B =4 Dc has a slightly larger peak velocity followed
by many large-amplitude velocity cycles.

The peak deck displacements for the small footings are approximately 15% higher than
for the large footing. Larger displacement demands are expected for the small footing because
the rotational stiffness of the foundation decreases as the footing width becomes smaller. It must
be noted, however, that the dynamic response of a system depends upon the relationship between
the system natural period and the predominant period of the shaking, and that the rocking natural
period depends on footing size and the amplitude of the rocking. The footing rotation time
histories show that the B = 3 Dc footing experienced two large-amplitude rotation pulses
followed by many smaller cycles, while the B = 4 Dc footing has more cycles but of smaller
amplitude. Both foundations experience approximately a 0.5% change in permanent rotation. A
strong correlation is observed between footing rotation and settlement, indicating that most of the
settlement is caused by moment and not by shear force or vertical loading. The settlement time
history shows the position of the center of the base of the footing. Positive spikes correspond to
uplift, which occurs at twice the frequency of rocking; an uplift cycle occurs when the
foundation rocks to the right and another when the foundation rocks to the left. The last time
series in Figure 3.4 shows the horizontal acceleration of the center of gravity of the foundation
along the direction of shaking. The footing response is quite similar for both footings.

Figure 3.5(a) shows the acceleration response spectrum of the ground surface free field
motion and the motion of the center of gravity of the deck mass for B =3 Dc and B = 4 Dc
during the 0.55 g Los Gatos event. Both rocking structures attenuate the short-period motions
and amplify the long-period motions. Note that the fixed-base period of both structures is

approximately 1.6 sec, and the natural period for the rocking systems (based on the deck
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accelerations in Fig. 3.5) was observed to be approximately 2.2-3 sec, depending on the
amplitude of rocking.

The dynamic testing showed that as footing size decreased, the permanent deformations
increased and the moment demand on the column decreased. The B = 3 Dc footing settled at
about 30 mm per large shaking event while the structures on the larger foundations (B = 4 Dc or
5 Dc) settled at about 15 mm per strong shaking event.

Figure 3.5(b) shows the largest amplitude peak, the third largest amplitude peak, and the
fifth largest amplitude peak column moments for a sequence of shaking events imposed on the
structures with B = 3 Dc and B = 4 Dc, subject to the same shaking event. From this it is easily
seen that during large shaking events, the capacity of the foundation limits the moment demand

on the column. The peak column moments are consistently larger for the larger footing.

ARS, Spin 5: Event 9, 5% damping E ;‘::Er gfigz
2.5 —_ ,B=

Free Fi‘eld : £ 54 . 0 3rd Largest Peak, B=3Dc
&L= ==+ Deck Mass of Structure E | w i ,\Z 4'2 1 $ ¥ : g:g IL_::gg:tt E::IK(Y g:gDDg
g ++++ Deck Mass of Structure F | | + = ] - 9 o
2 A = 3.5 4 a a 5th Largest Peak, B=4Dc
g L5 [ 1 c 3 1 5 g
g 2 E 280 ° o8 ¢
< 1 14y b = 5
= ! vy c :
= £ 14
3 §———" AN =
= 0 Aol Tl L .3 3 0.5 ?
v gy M b s RIS B 1 Q 0

) o
01 01 1 10 7 8 9 10 11 12
Period (s) Event number
(a) (b)

Fig. 3.5 (a) Acceleration response spectra for ground surface motion and motions of
the decks for Stations E and F during 0.55g Los Gatos motion (event 9).
(b) Peak moments in column during the strong shaking events in Spin 5.
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Fig. 3.6 Accumulated settlements for different foundation widths. Similar motions have
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3.3  DISCUSSION

3.3.1 Dynamic vs. Slow Cyclic Tests

There were some differences in the load-deformation behavior of the foundation under slow
cyclic testing and dynamic testing. The amplitude of foundation rotations during dynamic testing
tended to be smaller than those imposed during slow cyclic testing. The amplitude of rotation
depends on the dynamics of the system and the frequency content of the ground motion; hence
the amplitude of dynamic deck response also varied with footing size. Despite the fact that the
amplitude of rotation tended to be smaller during the selected ground motions for dynamic tests,
settlements were larger during dynamic loading than during slow cyclic loading. This was due
partially to the settlement of the ground surface during shaking, but also may be associated with
a reduction in bearing capacity caused by dynamic shaking of the soil combined with dynamic
loading from the footing. In all cases, the magnitude of settlements was small enough that the
performance may be judged to be satisfactory. For the smallest footing in the largest shaking

event, the settlements were about 30 mm per shaking event.
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3.3.2 Comparison to Data from Previous Tests on Building Shear Walls

Gajan et al. (2005) and others have previously reported data from rocking foundations for shear
walls of buildings. The present tests used much of the same equipment that was used by Gajan
et al. (2005). The foundations for the bridge structures, however, have a few important
differences from the foundations tested by Gajan et al. (2005). First, Gajan et al. (2005) tested
relatively rigid walls while the present foundations supported a deck mass attached to the footing
by a flexible column.

The shear wall foundations tested by Gajan et al. (2005) had factors of safety with respect
to bearing failure of the order of 2 to 15, while the bridge foundations had factors of safety with
respect to bearing capacity between about 30 and 70. The size of the bridge foundations was
governed by allowable settlement and moment capacity, which led to very large factors of safety
with respect to vertical bearing capacity. The bridge foundations were square, while most of the
shear wall tests were rectangular, with moment loading in the stiff direction. Due to the above
differences, permanent settlements of the rocking bridge foundations on medium dense sand
appears to be significantly less than the settlements of building foundations founded on similar

soil.

3.3.3 Mechanisms for Yielding and Predicting Failure

In seismic resistant design of bridge structures, the designer ought to make a conscious decision
regarding the capacity and demand that will be placed on various elements of the system. One
design philosophy is to allow yielding but prevent collapse during extreme shaking events. If
yielding is to be allowed, a decision should be made regarding which elements should yield and
then that these elements are ductile and with the capacity to withstand drastic degradation.
Structural engineers tend to recommend that the yielding occur in the column because they can
control the ductility and capacity of the column with reinforcing bars and confining steel and
because damage to a column can be easily inspected, and evaluated.

Civil engineers are trained that soil properties are heterogeneous and uncertain; hence
they may develop the false impression that the moment capacity of a spread footing has a high
uncertainty. On the contrary, with the exception of footings with low factors of safety with
respect to bearing capacity, the moment capacity of a spread footing is largely controlled by the

size of the footing and the vertical load on the footing. These key factors can be determined with
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good certainty, and hence the moment capacity can be accurately calculated by Equation (3.3).
The present study (along with work of many previous researchers) shows that a rocking
foundation has very ductile behavior with negligible loss of capacity. Rocking foundations also
have significant damping capacity. The uplift of a shallow foundation provides a self-centering
mechanism associated with gap closure upon unloading. This self-centering upon unloading is
not a typical characteristic of yielding reinforced concrete columns.

Assuming that yielding does occur during a large seismic event, the reparability of the
yielded element should also be considered. Damage to concrete may be argued to be more
dangerous than damage to soil. Under extreme cyclic loading, damaged concrete columns are
likely to crack, spall, and crumble. Soil is already an assembly of tiny pieces of broken rock that
are difficult to break into even smaller pieces. Soils derive their strength from reliable friction as
opposed to concrete cohesion that disappears upon cracking. Practical procedures such as
grouting are available that could be used to close up the gaps and restore full contact between the
footing and soil. Considering the above factors, yielding of a rocking foundation has potential to

serve as a repairable fuse to isolate columns from large seismic demands.

34 CHAPTER SUMMARY

A series of centrifuge tests modeled the seismic behavior of a bridge deck mass supported by a
flexible column supported on shallow foundations of various sizes. The behavior of rocking
foundations was investigated using slow cyclic loading tests as well as loading due to dynamic
base shaking. The moment-rotation behavior was similar for slow cyclic and dynamic loading,
but the settlements were noticeably larger during dynamic shaking. The performance of a system
with smaller footing (B = 3 Dc) is in some aspects preferable to the performance of systems
supported on larger footings (B = 4 or 5 times Dc).

As the footing size reduces, moment and curvature ductility demands on the column and
acceleration demands on the deck are reduced, but displacement demands on the deck are
increased. Smaller footings do suffer greater permanent rotations and settlements than larger
footings. The magnitude of settlement, however, appears to be acceptable even for the smallest
footings, with permanent settlement being on the order of 30 mm (prototype scale) during large

seismic events.
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Contrary to what many engineers believe, the moment capacity of rocking shallow
foundations is relatively straightforward to calculate. The moment rotation behavior is very
ductile with no apparent loss of capacity under large-amplitude cyclic loading. Because yielding
associated with rocking of shallow foundation is ductile, repairable, and includes self-centering
due to closure of the gap associated with rocking, foundation rocking may be a preferred
mechanism of yielding; engineers should consider the option of allowing shallow foundations to
rock as a method of protecting the columns. The above conclusions are most applicable to
shallow foundations on medium-dense sandy soils. Additional testing may be required prior to

application to other soil types.
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4 Documentation for “Soilfootingsection2d”:
General Attributes of Contact Interface Model

4.1 DESCRIPTION OF CONTACT INTERFACE MODEL

This section presents a new “contact interface model” that has been developed to provide
nonlinear constitutive relations between cyclic loads and displacements of the footing-soil
system during combined cyclic loading (vertical, shear, and moment). The notation used for
forces and displacements is indicated in Figure 4.2. The rigid footing and the soil beneath the
footing in the zone of influence, considered as a macro-element, were modeled by keeping track
of the geometry of the soil surface beneath the footing, the kinematics of the footing-soil system
including moving contact areas and gaps. The contact interface model, with only seven user-
defined model parameters, is intended to capture the essential features (load capacities, stiffness
degradation, energy dissipation, and permanent deformations) of the cyclic load-deformation
behavior of shallow foundations.

From the numerical modeling point of view, the contact interface model is placed at the
footing-soil interface, replacing the rigid foundation and surrounding soil in the zone of influence
as indicated in Figure 4.1. When incremental displacements are given to the macro-element
model as input, it returns the corresponding incremental loads and vise versa. (Gajan 2006;

Gajan and Kutter 2007).
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Fig.4.1 The concept of macro-element contact interface model and the forces and
displacements at footing-soil interface during combined loading (Gajan and
Kutter 2007).

Other researchers have used macro-element concepts to model the load-displacement
behavior of structural elements and shallow foundations (Nova and Montrasio 1991; Cremer et
al. 2001; Houlsby and Cassidy 2002). Most of the previous attempts with macro-element models
for shallow foundations describe the constitutive relations based on yield surfaces, potential
surfaces, and tracking the load path history in generalized load space. The macro-element contact
interface model presented in this paper differs in the sense that the constitutive relations are

obtained by tracking the geometry of gaps and contacts of the soil-footing interface.

4.1.1 Critical Length in Contact Geometry Concepts

A conceptual key to the model is a parameter called the critical contact area ratio A/Ac, where A
is the area of the footing and Ac is the area of the footing required to have contact with soil to
support the vertical and shear loads. A/Ac can be considered to be an alternative definition of
the factor of safety with respect to bearing capacity. Knowing the area required to support the
axial and shear loads (Ac) is the key to tracking the geometry of the contact between the footing
and the deformed soil surface. For a 2-D shear wall structure, loading in the plane of the wall, the
area ratio, A/Ac is equal to the ratio of L/Lc, which is illustrated in Figure 4.2. At large
rotations, the contact length of the footing approaches its minimum value, L¢, and assuming that

the pressure distribution is symmetrical on this critical area, the resultant soil reaction is at a
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maximum eccentricity, emax = (L — L¢)/2. Hence the moment capacity may be calculated as My

= V(L — L¢)/2, where V is the vertical load on the interface.

Footing

Soil surface
€ max qult

Fig. 4.2 Critical contact length and ultimate moment (Gajan 2006).

4.1.2 Curved Soil Surfaces and Rebound

Figure 4.2 illustrates the contact interface model showing the contact of the rigid footing with the
rounded soil surface beneath the footing and the forces acting at the interface. As shown in
Figure 4.3, soil_min and soil max represent two different rounded soil surfaces beneath the
footing. Soil max represents the soil surface that contains the maximum settlement experienced
by the footing at any point below the footing, whereas soil _min represents the surface that exists
after the footing leaves the contact with the soil surface as the structure rocks. The difference
between soil max and soil min is conceptually attributed to elastic rebound and bulging of soil

into the gap associated with plastic compression in neighboring loaded areas.
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Fig. 4.3 Contact interface model for cyclic moment loading (Gajan and Kutter 2007).

4.1.3 Coupling between Shear, Moment and Vertical Loads, and Displacements

The coupling between vertical and moment loads and associated deformations is a natural
outcome of tracking the geometry of the contact between a rigid footing and deformed soil. The

coupling between shear and moment is accounted for using the interaction diagram in Figure 4.4.

Fm A do

<

Fig 4.4 Cross section of the bounding surface in normalized M-H plane and the
geometrical parameters that are used in the interface model (Gajan and Kutter
2007).
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The magnitude of the sliding is a function of the shear on the footing and the proximity to
the bounding surface, which is quantified by the ratio of (d/din). The shear stiffness is a function
of (d/din), which determines the shape of the nonlinear transition from the initial stiffness to
capacity for the shear-sliding relationship of the footing. The bounding surface in Figure 4.4 not
only describes the interaction between moment and shear capacities, but also relates the
incremental rotations to the incremental sliding by assuming associative flow. The procedures
for calculating load capacities and displacements are detailed in Gajan and Kutter (2007) and

Gajan (20006).

4.2 IDENTIFICATION OF PARAMETERS

The description of model parameters will be broken up into user-defined input parameters and

non-user-defined parameters.

4.2.1 User-Defined Input Parameters and Parameter Selection Protocols

Input parameters for “soilfootingsection2D” are ultimate vertical load, length of footing, initial
vertical stiffness, initial horizontal stiffness, elastic rotation limit, rebound ratio, and internal
node spacing. The effect of most physical parameters (Vyrr, L, Kv, and Kh) on the load-
deformation behavior of the footing is explored in detail in Gajan (2006) and only the effects of
parameters controlling numerical stability have been shown in conjunction with the parameter
selection protocols below. The following list describes the input parameters and recommended
protocols for how to calculate them.

1. Ultimate vertical load (VyLr): The maximum vertical load that can be applied to the
footing with the full footing in contact, corresponding to a bearing capacity failure.
Calculate Vyrr for the footing under pure vertical loading using the general bearing
capacity equation for the footing in full contact with soil (FEMA 274) in units of force.

2. Length of footing (L): The linear dimension of the footing in the plane of rocking.

3. Initial vertical stiffness (Kv): The initial vertical stiffness of the footing in full contact
with soil for pure vertical loading. This may be taken as the elastic vertical stiffness of
the entire footing in units of force/displacement from FEMA 356, Chapter 4, elastic

solutions for Rigid Footing Spring Constraints.
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4. Initial horizontal stiffness (Kh): The elastic shear stiffness of the footing in full contact
with the soil for pure shear loading. This may be taken as the elastic horizontal stiffness
of the entire footing in units of force/displacement from FEMA 356 Chapter 4 elastic
solutions for Rigid Footing Spring Constraints.

5. Elastic rotation limit (Oeasic): The maximum amplitude of rotation for which no
settlements occur. This elastic range was introduced by Gajan and Kutter (2009)
subsequent to Gajan et al. (2005), and Gajan (2006). This may be taken as 0.001 rad, as
this has shown to match centrifuge experiments reasonably well. If Ocjagic 1S too small the
model will predict an unreasonable amount of settlement during the small amplitude
shaking at the beginning and end of an earthquake. Figure 4.5 illustrates the observed
physical behavior modeled by the introduction of the parameter Ogjusic. During small

rotations the model is forced to not uplift as observed in experiments.
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Fig. 4.5 Elastic range for two identical structures on different sized footings.

6. Rebound ratio (Rv): An empirical factor to account for the elastic rebound and the
bulging of soil into the gap associated with plastic compression in neighboring loaded

areas described in Section 4.1.2. The model assumes that the amount of rebound is
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proportional to the total settlement computed by the element. For example, if Rv is 0.1,
any gap between the uplifting footing and soil surface smaller than 10% of the previous
settlement would be filled by rebounding soil and the distance between soil max and
soil_min is at any point is 10% of the settlement of that point.

A default value of 0.1 has been used for many simulations, as it reasonably fits the
current data from centrifuge model tests for rectangular and square footings on sand and
clay. An increase in Rv will slightly reduce calculated settlements and increase rotational
stiffness.

In cases where convergence is a problem, especially with footings with large FSy and
an extreme amount of load cycles, increasing Rv can increase the length of the transition
zone shown in Figure 4.3 of the pressure distribution under the footing, making
convergence easier. The use of Rv as a parameter to control numerical stability is shown
in Figure 4.6. It should be noted that increasing Rv does not always make the model
more stable. Increasing Rv will stiffen the load-deformation response, which can make

the model less stable in some situations.
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Fig. 4.6 Effect of D) and Rv on moment-rotation and settlement-rotation of footing.
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7. Footing Node Spacing (D)): The distance between the footing nodes internally created in

the model (Fig. 4.3). This user-defined parameter controls numerical stability and
accuracy.

Depending on the model properties, different numbers can be appropriate. As the
critical contact length (L¢) decreases (or as FSy increases) D; must be small enough to
define the pressure distribution along the soil-footing contact length depicted in Figure
4.3. For a large range of L and FSy, D; of 0.01 m provides stable and accurate results.
The number of internally created footing nodes necessary for numerical stability and
accuracy will range from a few hundred nodes for FSy below 10 to a few thousand for
FSy of 50. For example, a footing of length 5 meters with a D; of 0.01 m will have 501
internally created footing nodes. Computation time is extremely sensitive to this input
parameter.

If Dy is too large, many times the footing will start to accumulate uplift instead of a
net settlement. This occurs because the pressure distribution along the contact length is
not defined by enough nodes; specifically, nodes b and ¢ in Figure 4.4 are in the same
location. If the footing is seen to have a net uplift for any cycle then D is too large as is

the case in Figure 4.7.

4.2.2 Summary of Parameters Assumed To Be Constants

This list describes parameters that are hard-wired into the code [more on these can be found in

Gajan et al. 2005; Gajan 2006; Gajan and Kutter 2007 and in the source code

(/SRC/material/section/yieldsurface/ soilfootingsection2D*)]:

1.

n load = 0.5, n_unload = 2: describe the limiting shape of the parabolic pressure
distribution at the edges of the contact length between points a and b and ¢ and d in
Figure 4.3. When loading direction is reversed, there is a smooth transition in the shape

(from n = 0.5 to n = 2) given by the following equations:

n_loadzl.S-[mj+O.5 (4.1)

’ eelastic

n_unload =1.5- (MJ +0.5 (4.2)
2. eelastic
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2. a=0.32,b=0.37,¢c=0.25, d= 55, e = 0.8 and f = 0.8: define the bounding surface in
normalized moment-shear-vertical load space (Cremer et al. 2001). The bounding surface

is defined by the following three equations:

2 2
Fu  Fu” (43)
2 2
4> B
A=a-Fy°-(1-F)? (4.4)
B=b-F,°-(1-Fy) (4.5)

where Fp, Fy, and Fy are the normalized shear, moment, and vertical capacities of the
foundation-soil interface. (Fy = V/Vyrr, Fu = H/VyrLr and Fyy = M/(Vuer L), and Vit is failure
load for pure vertical loading). This bounding surface was verified with centrifuge tests.
3. ¢ =1, n=2: coefficient and exponent describing the sharpness of the transition between
elastic and plastic behavior for shear-sliding. These parameters were selected by comparing

to a variety of data and were not found to be critical parameters.
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5 Validation against Centrifuge Tests on Bridge
Columns on Square Footings

5.1 CENTRIFUGE TESTS ON BRIDGE COLUMNS

The scope and procedures relevant to the centrifuge structures modeled numerically will be
described herein to provide a background for the comparisons to the numerical simulations
although more details about the test setup, the testing, and the data processing procedures can be
found in Chapter 2 and in the Centrifuge Data Report for the JAUO1 Test Series (Ugalde et al.
2008).

Testing was performed on many model structures which were placed into one soil
container. The structures were spaced so that they were an adequate distance from each other
and the walls of the container. Stations C through G were excited by ground motions applied to

the base of the soil container.
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Fig. 5.1 Plan view of dynamic shaking stations where double line borders indicate footings
and single lines indicate deck masses.



The two structures used in the verification of the contact interface model are at Stations E
and F. These two structures were shaken side by side and are identical except for the different
footing sizes. The properties are shown in Table 5.1. The masses and moments of inertia
specified for the footing and bridge deck come from summing the mass of everything above the
midpoint of the column as the deck mass and everything below the midpoint of the column as the

footing mass.

Table 5.1 Structure properties used to calculate experimental load-deformation behavior.

Footing
Deck |Footing| Width
Mass | Mass | (Square) | Icg Deck | leg Foot | Heg deck | Heg foot| Ieolumn | Ecolumn
Station | FSy | Mg) | Mg) | (m) | (kg'm) | (kg'm) | (m) | (m) | (m) | (Pa)
E 17 926 173 5.4 3.34E+06 | 8.67E+05 | 13.47 1.215 | 1.07E-01 | 6.90E+10
F 31 926 246 7.1 3.34E+06 | 1.93E+06 | 13.47 1.238 | 1.07E-01 | 6.90E+10

Structures at Stations E and F were subject to dynamic loading using the shaking table
mounted on the centrifuge to shake the entire model container. The ground motions imposed on
the model container were scaled and filtered motions from recordings in the Tabas 1978
earthquake and a Los Gatos recording of the 1989 Loma Prieta earthquake. These motions come
from the near-field records posted at the SAC Steel Project (2006) website. Twelve scaled
motions were applied to each structure. The testing sequence for dynamic stations started with
low-amplitude step waves, followed by scaled-down earthquake ground motions, then large-
amplitude earthquake ground motions, and finally step waves similar to those applied before
strong shaking. The peak ground accelerations ranged between 0.1 g and 0.8 g.

The motions used in the comparison of the measured physical response and the simulated
response were the fifth, sixth, and eighth events of the fifth spin of the JAUO1 test series.
Shaking events five, six, and eight were chosen because the low-intensity events 1, 2, 3, 4, and 7
resulted in very little settlement or nonlinear load-deformation of the footing. =~ The motion
recorded at the footing level in free field during the experiment was used as input at the base of

the contact interface element.
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Fig. 5.2 Acceleration time history of free-field soil at footing level for motions during
event (a)JAUO1_05_05, (b) JAUO1_05_06, and (c) JAUO1_05_08.
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Fig. 5.3 Acceleration response spectra (for 5% damping ratio).

5.2 EXPERIMENTAL AND NUMERICAL MODELING RESULTS

A schematic of the structural model is shown in Figure 5.4. Five structural nodes are used in the
simplified numerical model of the simplified physical model used in the centrifuge tests. These
five nodes are located at the base of the footing, the center of gravity of the footing mass, the
height to the fixity point at the base of the column, the height to the fixity point at the top of the
column, and the center of gravity of the deck mass. All structural elements are elastic beam-

columns. The element representing the structure column was given the properties of the
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aluminum tube used in the centrifuge test. The elements extending to the deck mass, the footing
mass, and the column fixity points are all approximately rigid by using elastic beam-columns

with 20 times the area moment of inertia, I, of the column.
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Fig. 5.4 Simplified structural numerical model of experiment.

5.2.1 Contact Interface Element Results

The contact interface element results describe the footing behavior when the structure in Figure
5.4 is supported by the contact interface model implemented in the section soilfootingsection2D
and is used in the zero length section below the footing. "The following figures (Figs. 5.5-5.10)
show the load-deformation response as well as significant structural time histories of the two
footings to three consecutive earthquake motions. The measured experimental results are
compared to the behavior simulated using the contact interface element in OpenSees (OpenSees

Development Team 2007).
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Fig. 5.5 Load-deformation behavior of footing for (a) Station E and (b) Station F during
JAUO1_05_05.
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Fig. 5.6 Footing moment, rotation, and settlement time histories for (a) Station E and
(b) Station F during JAUO1_05_05.
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Fig. 5.8 Footing moment, rotation, and settlement time histories for (a) Station E and
(b) Station F during JAUO1_05_06.
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Fig. 5.9 Load-deformation behavior of footing for (a) Station E and (b) Station F during
JAUO1_05_08.
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Fig. 5.10 Footing moment, rotation, and settlement time histories for (a) Station E and (b)
Station F during JAUO1_05_08.
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5.3 SUMMARY

5.3.1 Load Capacity

The moment capacity of the footing is underpredicted by the contact interface model for both
Station F and Station E in for all events. This may be partly due to the 6% Rayleigh damping

introduced to satisfy convergence issues.

5.3.2 Energy Dissipation

The energy dissipated by moment-rotation hysteresis is captured reasonably well by the contact
interface model, although the Rayleigh damping introduced into the simulation inhibits the

footing response after strong shaking is finished.

5.3.3 Footing Displacements

During small shaking the magnitude of permanent settlement is predicted reasonably well.
However, the simulated response of the larger footing (Station F) to the more intense
earthquakes (JAUO1 05 06 and JAUO1 05 08) shows permanent settlements are overpredicted.
The contact interface model does much better at predicting the permanent settlement of Station
E, the smaller footing, although the magnitude of the cyclic uplift is underpredicted and

permanent rotations at zero moment is overpredicted.
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6 Summary and Conclusions

6.1 CONCLUSIONS

It is clear that the soil beneath a shallow foundation as a component of the soil-foundation-
structure system should be considered a possible location where inelastic behavior can be
designed to occur. The design of a rocking shallow foundation could conform to the analysis
requirements described in Caltrans Memo to Designers (MTD) 20-1 under Seismic Capacity of
Structural Components. The requirement that finite element analysis be used to calculate the
strength and the deformation capacities of ductile components is possible using the models
available in the free open-source code OpenSees. The requirement of the ductile region to be
designed and detailed to perform with minimal degradation in strength to sustained cyclic
loading has been shown in multiple experiments on sand and clay for rectangular and square
footings with vertical factors of safety on bearing capacity ranging from below 2 to above 30
(Gajan and Kutter 2007; Ugalde et al. 2007).

In many ways the load-deformation behavior of a rocking foundation is arguably a better
energy-dissipation mechanism compared to the conventional reinforced concrete column. The
moment capacity of the reinforced concrete column degrades, while the moment capacity of the
shallow foundation does not diminish with rotation amplitude or number of cycles. A reinforced
concrete column has a very stiff unloading response resulting in much more permanent
deformation than seen in the rocking shallow foundation. Although the behavior of a reinforced
concrete column and shallow foundation vary depending on the properties of the structure and
soil, in general the trends of cyclic fatigue and large permanent deformations are not present in
the shallow foundations tested. Figures 6.1 and 6.2 illustrate the differences in hysteresis loops

of a reinforced concrete column and a shallow foundation.
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Caltrans MTD 20-1 should have a larger scope on Soil-Foundation-Structural

Components. Also, the recommendation is that the Caltrans Technical Report Bridge Retrofit

Construction Techniques be updated to include the possibility that foundation uplift be allowed

as long as the global ductility capacity is greater than the anticipated demand.

Furthermore, in fulfilling existing requirements for ductile components, a shallow

foundation has the following benefits:

A footing designed to uplift is inexpensive.

There is no failed component to inspect after an earthquake, as soil is made up of broken
particles.

Unlike concrete, soil derives strength from friction and not a cohesion that disappears
upon cracking, which means that the moment capacity is nondegrading and easily
predicted in unsaturated medium-dense sandy soils.

Uplift of a foundation stores gravitational potential energy. Closure of the gap upon
unloading restores the footing toward its initial position (unlike a conventional RC
column), producing a self-centering effect.

Local bearing pressures increase during rocking and uplift, causing plastic deformation of
soil around the footing, which is a source of hysteretic damping.

Experiments with structures on footings that were allowed to uplift were observed to
perform reasonably well with no stability problems or excessive P-delta effects after

multiple shaking events.
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