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The interaction between a surface foundation and the supporting inelastic soil under the action of monotonic, cyclic, and seismic
loading is studied numerically. The foundation supports an elastic tall system, the horizontal loading of which induces primarily an
overturning moment and secondarily a shear force. Starting from linear elastic behavior, the footing eventually uplifts from the soil,
provoking strong inelastic soil response culminating in development of a bearing—capacity failure mechanism and progressive
settlement. The substantial lateral displacement of the pier mass induces an additional aggravating moment due to P95 effect. The
paper outlines the moment—rotation—settlement relations under monotonic loading at the mass center, under cyclic loading, and under

seismic excitation at the base.

THE PROBLEM AND THE KEY INVESTIGATED
PARAMETERS

With the advent of performance—based design in structural
earthquake engineering, the need has arisen for extending it to
earthquake geotechnics. This calls for determining the
complete inelastic response of the foundation-soil system (in
the form of force—displacement or moment-rotation relation)
to progressively increasing loads until collapse.

To this end, the paper investigates the response of a 2m-wide

foundation supporting a Sm-high mass (Fig. 1) which

undergoes, first, monotonic and cyclic lateral displacements,

and is then subjected to seismic base excitation. Under

progressively increasing loads the foundation uplifts from the

ground (geometric nonlinearity) and failure mechanisms

develop in the soil (material inelasticity). The interplay

between these two mechanisms, affected by the unavoidable

P—A effects, is governed primarily by the following factors:

The vertical foundation load N in comparison with the

ultimate vertical capacity N, expressed through the ratio y =

N/Ny;

e  The distance, R, of the mass centre of gravity from the
base edge (Fig.1) ;

° The slenderness ratio h/b ;

e  The intensity, frequency content and sequence of pulses
of the seismic excitation ;

e  The vibrational characteristics (natural period) of the
structure.
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Fig. 1. Problem geometry

METHOD OF ANALYSIS

A series of two dimensional finite element analyses are
performed using Abaqus for a single—degree—of—freedom
oscillator on a foundation allowing uplift. The soil is saturated
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Fig. 2. Dependence of the moment capacity of the foundation on the static safety factor FS, (M — y diagram). For the three cases
(1,2,3), corresponding to values of y 0.2, 0.5, 0.8, we display three snapshots of the deformed system along with the contours of plastic
deformation. Specifically al,a2,a3 present the initial (static) state; b1,b2,b3 present the states at the peak moment, M,;, = 238, 354,
232 kNm, respectively, cl, c2, c3 show the states of imminent collapse. Also shown are the M — 0 pushover curves for the three y
values.
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stiff clay responding in undrained fashion with Su = 150 kPa.
The bedrock is placed at a depth of 5 m below the foundation
level. The mass element, which allows the introduction of
lumped mass at a point, is located 5 m above the foundation
level and is connected to the footing with linear elastic beam
elements. The modulus of elasticity of the beam is selected
such as to achieve either a rigid structure, or a structure, with a
given fixed-base natural period. The footing is also modeled
with linear elastic beam elements of rectangular section, with
modulus of elasticity large enough to achieve structural
rigidity.

The soil is modeled with continuum solid plane—strain
4-noded bilinear elements. An advanced contact algorithm has
been adopted to incorporate potential uplifting of the
foundation. Gap elements allow for the nodes to be in contact
(gap closed) or separated (gap open). To achieve a reasonable
stable time increment without jeopardizing the accuracy of the
analysis, we modified the default hard contact pressure-
overclosure relationship with a suitable exponential
relationship. Finally, we used a significantly large coefficient
of friction at the soil-footing interface to prevent sliding of the
footing.

The elastoplastic soil behavior is described with Von Mises
yield surfaces having nonlinear kinematic hardening and
associative  plastic flow rules. The model of Abaqus is
calibrated using the methodology proposed by Gerolymos et
al. (2005). It is worth noting that the soil plasticity begins
atl/10 of its maximum yield stress, while P-A effects are
computed during all steps of the analysis.

RESULTS : STATIC PUSHOVER ANALYSIS

For the static pushover analysis a horizontal displacement is
applied on the mass center of the superstructure. The moment—
rotation diagrams for the various Y factors (y = the inverse of

the static vertical safety factor FSy) are portrayed in Fig. 2,
along with the M—N interaction diagram (To be precise M —
N/Nu.). As expected from the literature, the maximum value
of moment capacity is reached for a static safety factor of
about FSy = 2 (i.e., x = 0.5 ) [Allotey & Naggar, 2003 ;
Apostolou & Gazetas, 2005 ; Chatzigogos et al 2009, Gajan &
Kutter, 2008]. The value of the critical rotation ,0c , is always
lower than the one for a 1-dof rigid oscillator rocking on a

rigid base :
— b
6. = arctan A

This is due to soil compliance : as the safety factor diminishes
(x increases) the critical rotation before failure becomes
smaller and smaller.

Examining the settlement-rotation curves (Fig.3), we may also
observe that indeed the case of FS, =2 (= 0.5 ) is in the
middle between two different modes of response. Structures
with y < 0.5 undergo predominantly uplifting, while with y >
0.5 they suffer mostly plastic deformation.
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Fig. 3. Settlement-rotation envelopes for the three cases

RESULTS : CYCLIC PUSHOVER ANALYSIS

Slow cyclic results are shown for systems with low, high and
medium factors of safety ( x = 0.8, x = 0.2, and 0.5)
respectively). As it can be seen in the moment-rotation
diagrams, the envelopes of the cyclic analyses for safety
factors greater than 2 ( x < 0.5) are well enveloped by the
monotonic pushover curves [Fig.4(al)]. This can be explained
by the fact that the plastic deformations, which take place
under each corner of the foundation during the deformation
controlled cyclic loading, are too small to affect to any
appreciable degree the response of the system when the
deformation alters direction (Fig.5). The key factor of this
response is the low ground compliance due to the lightly
loaded foundation. Effectively, the soil is nearly
underformable at such small x values.

However, the response of the heavily loaded structures
(x> 0.5) is remarkably different. The M — 0 loops are no
longer enveloped by the monotonic pushover curves. It seems
that the moment capacity of the system depends on the
rotation of the previous step, and as the rotation increases and
the safety factor diminishes the difference between the two
curves ( cyclic and monotonic pushover) increases [Fig.3(bl)].

This striking behavior can be attributed once again to soil

compliance. As y increases, the footing remains practically in

full-contact state even for great rotation angles. The

displacement loading at the mass center [Fig.6(a)] transmits a

moment on the footing, let us say in clockwise direction,

which mobilizes the bearing capacity type failure mechanisms.

The mechanisms involve :

(a) a shallow rotational failure under the pushed—in right
edge of the footing; the sliding surface passing through
the zone of excessive shearing deformation [dark line in
Fig.6(b)] extends a small distance beyond the footing;
and

(b) a deeper rotational movement under the upward moving
left side of the foundation, without a well-defined failure
surface extending beyond the edge of the footing, and
producing a significant bulge of the soil-footing



interface [Fig.6(b)].

300 300
. static pushover static pushover
200 4| ™~ 200 —
M (kNm) /_) . cyelic pushover M (kNm) seismic analysis
P
wo §f / 10¢
0.20 o1 010 0.05 q aos 010 0.15 020 0.20 taus 010 005 0.0 015
B () 0 (raq)
300
800 800

static pushover static pushover

— cyclic pushover
— seismic analysis

- cyclic pushover

M (knm) M (knm)

(b1)

Fig. 5. Schematic snapshots of the displacement / rotation of the system and the corresponding bearing capacity failure mechanisms.
Lightly loaded foundation (y < 0.5).

Fig. 6. Schematic snapshots of the displacement / rotation of the system and the corresponding bearing capacity failure mechanisms.
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Heavily loaded foundation (x > 0.5).

As a result, when the loading direction is reversed, the
foundation has to surmount the “hill” created in the preceding
cycle. Moreover, the imposed external moment is no longer
compromised by the P-A effects, but rather increased by the
moment of the weight of the structure, which is still acting in
the clockwise direction [Fig.6(c)]. Two new failure
mechanisms in the soil on the opposite side start developing
[Fig.6(d)]. After exceeding the point of zero rotation, the
weight starts also acting in the counter—clockwise direction,
thus again aggravating the tendency for overturning [Fig.6(e)].

RESULTS : SEISMIC ANALY SIS

The Takatori accelerogram (Kobe, 1995) was used as rock
excitation. Since the fundamental (elastic) period of the soil

stratum (Vg =400 m/s) is only 0.05 sec no soil amplification

takes place with this base motion (Tp =1 + 1.5 sec).
u

Fig. 7. Definition of displacement and rotation variables of
the system.

The results for the moment-rotation and relations settlement—
rotation are shown in Figures 3 [ (a2) and (b2)] and 8. The
following observations are noteworthy :

(a)  The moment-rotation diagrams confirm the behavior
already noted with cyclic loading. For x < 0.5, the M—0
relation is confined within the envelope of the static
pushover analysis. On the other hand, for y > 0.5, the
loops that are produced in the seismic analysis exceed
substantially the static pushover curves. Only the first
half cycle is indeed enveloped by the monotonic curve.
Thereafter, as the soil exhibits large deformations due
to its high compliance, the moment bearing capacity
failure mechanisms become apparent. The development
of these mechanisms affects the behavior of the system
in the opposite direction when the acceleration changes
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sign. The system exhibits an a-symmetric behavior. If,
for example, the first large deformation takes place to
the right edge of the footing then the system displays
“overstrength” when the acceleration changes to the
left; yet it is more vulnerable to the next pulse that will
push it again to the right. In conclusion for the majority
of structures that have safety factors greater than 2 the
monotonic pushover curves are representative of the
moment capacity of the system even under dynamic
loads. For the structures that have safety factors less
than 2, the maximum moment cannot be determined a
priori as it is a function of the preceding rotation and of
the magnitude of the pulse. The cyclic pushover curves
are representative of the behavior of the system only
approximately.
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Fig. 8. Settlement — rotation diagrams for : (a) y = 0.2 (stable
system), (b) y = 0.8 (system overturns).

(b)  Regarding the rotation of the footing and consequently
the horizontal displacement of the mass center, we
generally conclude that the higher the safety factor the
larger the rotation (Fig.8). However, it is important to
note that the deformation of the lightly loaded systems
is nearly elastic while the deformation of the heavily
loaded systems is strongly inelastic. This leads to a
progressive accumulation of plastic deformations of the
heavily loaded systems, resulting to higher residual
rotations.

(c)  As expected, the heavily loaded structures exhibit



larger settlement due to accumulation during shaking.

(d)  The parameter A, defined the effective contact area
ratio :

which represents the part £ of the oscillating footing B
still in contact with the deformed soil, reaches its
lowest value for the higher safety factor. Moreover,
when the oscillation has ceased the part of the footing
still in contact with the deformed soil is greater for the
low safety factor! Additionally, for the same safety
factor, as the intensity of motion increases the residual
A diminishes. It is noticeable that the system can avoid
overturning, while reaching values of A as low as 0.1
due to the dynamic nature of the loading.
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Fig. 9. Times histories of parameter A for : (a) y = 0.2 (stable
system), (b) y = 0.5 (stable system), (c) y = 0.8 (system
overturns).

Paper No.

ACKNOWLEDGMENT

This work forms part of an EU 7™ Framework research project
funded through the European Research Council (ERC)
Programme “Ideas”, Support for Frontier Research —
Advanced Grant, under Contract number ERC-2008-AdG
228254-DARE

REFERENCES & BIBLIOGRAPHY

Allotey N., Naggar M., [2003]. “Analytical moment-rotation
curves for rigid foundations based on a Winkler model”. Soil
Dynamics and Earhquake Engineering 23, 367-381.

Anastasopoulos 1, Gazetas G., Loli M., Apostolou M.,
Gerolymos N. [2009] “Soil failure can be used for seismic
protection of structures”. Bulletin of Earthquake Engineering,
7 (4).

Anastasopoulos 1. [2009]. “Beyond conventional capacity
design : towards a new design philosophy”. Soil-foundation-
Structure Interaction, Pender M. and Davies M.C.R. (editors),
University of Auckland.

Apostolou M, Thorel L., Gazetas G., Garnier J., and Rault G.,
[2007]. “Physical and Numerical Modelling of Soil-Footing
Structure Under Lateral Cyclic Loading”. Proceedings of the
4™ International Conference on Earthquake Geotechnical
Engineering , Thessaloniki ,

Apostolou, M., Gazetas G. [2005]. “Rocking of Foundations
under Strong Shaking :Mobilisation of Bearing Capacity and
Displacement Demands”. Proc. 1st Greece—Japan Workshop,
Seismic Design, Observation, Retrofit, Athens 11-12 October,
pp- 131-140.

Apostolou M., Gazetas G., Makris N., Anastasopoulos
J.,[2003]. “Rocking Of Foundations under Strong Seismic
Excitation”. Proceedings of Fib International Symposium on
Concrete Structures in Seismic Regions, Athens, summary in
pp. 144-145, paper in CD-ROM.

Chatzigogos C.T., Pecker A., Salencon J. [2009].
“Macroelement modeling of shallow foundations”. Soil
Dynamics and Earthquake Engineering, Vol. 29, No. 6, pp.
765-781.

Faccioli, E., Paolucci, R., and Vivero, G. [2001].
“Investigation of seismic soil-footinginteraction by large scale
cyclic tests and analytical models”. Proc., 4th Int. Conf.
RecentAdvances in Geotechnical Earthquake Engineering and
Soil Dynamics, San Diego

FEMA 356 [2000]. Prestandard and Commentary for the
Seismic Rehabilitation of Buildings.



Frangopol D.M., Curley J.P. [1987]. “Effects of damage and
redundancy on structuralreliability”. Journal of Structural
Engineering, ASCE, Vol. 113, No. 7, pp. 1533—-1549.

Gazetas G., Anastasopoulos 1. and Apostolou M. [2007].
“Shallow and Deep Foundations Under Fault Rupture or
Strong  Seismic  Shaking”.  Earthquake  Geotechnical
Engineering , Springer, K. Pitilakis (ed), Chapter 9, pp. 185-
215.

Gerolymos N., Gazetas G., [2007]. “Constitutive Model for
1-D Cyclic Soil Behaviour Applied to Seismic Analysis of
Layered Deposits”. Soils & Foundations, Japanese
Geotechnical Society Vol. 45 (3), p.p.147-159,

Gajan, S., and Kutter, B. L. [2008]. “Capacity, settlement, and
energy dissipation of shallow footings subjected to rocking, J.
Geotech. Geoenviron”. Eng., ASCE, 134 (8), 1129-1141.

Gajan, S., Hutchinson, T. C., Kutter, B. L., Raychowdhury, P.,
Ugalde, J.A., and Stewart, J.P. [2008]. “Numerical models for
the analysis and performance-based design of shallow
foundations subjected to seismic loading”. Rep. to Pacific
Earthquake Engineering Research Center (PEER), Univ. of
California, Berkeley, Calif.

Gajan, S., Phalen, J. D., Kutter, B. L., Hutchinson, T. C., and
Martin, G. [2005]. “Centrifugemodeling of load-deformation
behavior of rocking shallow foundations”.  Soil
Dyn.Earthquake Eng, 25(7-10), pp. 773-783.

Harden, C., Hutchinson, T. [2006]. Investigation into the
Effects of Foundation Uplift on Simplified Seismic Design
Procedures, Earthquake Spectra, 22 (3), pp. 663—692.

Kawashima K., Nagai T., Sakellaraki D. [2007].
“Rocking Seismic Isolation of Bridges Supported by Spread
Foundations”. Proc. Of 2nd Japan-Greece Workshop on
SeismicDesign, Observation, and Retrofit of Foundations,
April 3-4, Tokyo, Japan, pp. 254-265.

Paper No.

Kutter BL, Martin G, Hutchinson TC, Harden C, Gajan S,
Phalen JD. [2003]. “Status report on study of modeling of
nonlinear cyclic load-deformation behavior of shallow
Sfoundations”. PEER Workshop, University of California,
Davis, March 2003.

Makris, N., Roussos, Y. [2000]. “Rocking response of rigid
blocks under near source ground motions” Géotechnique, 50
(3), pp. 243-262.

Martin, G., R., and Lam, 1. P. [2000]. “Earthquake Resistant
Design of Foundations : Retrofit of Existing Foundations”.
Proc. GeoEng 2000 Conference, Melbourne.

Mergos, P.E., and Kawashima, K. [2005]. “Rocking isolation
of a typical bridge pier on spread foundation”. Journal of
Earthquake Engineering, 9(2), 395-414.

Paolucci, R. [1997]. “Simplified Evaluation of Earthquake
Induced permanent Displacementof Shallow Foundations”.
Journal of Earthquake Engineering, 1(3), 563- 579.

Paolucci, R., Shirato, M., and Yilmaz, M. T. [2007]. “Seismic
behavior of shallow foundations:Shaking table experiments vs
numerical modelling”. FEarthquake Eng. Struct. Dyn.,
37(4),pp. 577-595.

Pecker, A. [2003]. “Aseismic foundation design process,
lessons learned from two majorprojects: the Vasco de Gama
and the Rion Antirion bridges”. ACI International Conference
on Seismic Bridge Design and Retrofit, USA La Jolla.

Priestley, M.J.N. [2000]. “Performance based seismic design”
Proc. 12th World Conferenceon Earthquake Engineering
(12WCEE), Auckland, New Zealand, Paper No. 2831.



