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ABSTRACT: The design of shallow foundations under seismic load requires to account for the non linearities in the soil and at the 
soil-foundation interface. For nuclear plants, in a context of a new seismic zoning, specific design methods are implemented in order 
to account for soil-structure interaction in an appropriate way. 
In this aim, a three-dimensional elastoplastic macroelement is proposed to model the seismic behaviour of shallow foundations. The 
foundation behaviour is described using generalized variables in terms of forces and displacements and is also located in particular 
points where the geometric and material non-linearities are concentrated. The non linear behaviour is represented by yield surfaces 
inspired from the Eurocode criteria. A hardening law is associated to each surface to depict its evolution in the general loading space. 
The multisurface plasticity theory is used to combine the different mechanisms (punching, overturning, and sliding). This 
macroelement is implemented in the framework of the finite element method (CESAR-LCPC). The calibration of the macroelement 
parameters is based on the analysis of the static response of a foundation. Then, it is extended to take into account dynamic aspects.  
The results easily allow to analyze the forces acting on the shallow foundation in the time domain. It is also possible to study the 
variations of the safety factor during the earthquake as well as the effect of the non linearities on the shallow foundation design. 

RÉSUMÉ : La justification des fondations superficielles sous sollicitations sismiques exige la prise en compte des non linéarités qui se 
manifestent dans le sol et à l’interface sol-fondation. Pour les centrales nucléaires, dans un contexte de modification du zonage sismique, 
des méthodes originales de justification ont été mises au point afin de rendre compte de manière appropriée de l’interaction sol-structure. 
Dans cet objectif, un macroélément élastoplastique tridimensionnel a été développé pour étudier le comportement sismique de fondations 
superficielles. Il décrit le comportement de la fondation au moyen de variables généralisées (forces et de déplacements) et est positionné 
en des points particuliers de la fondation où sont concentrées les non linéarités géométriques et matérielles. Le comportement non linéaire 
dépend de surfaces de charge inspirées des critères des Eurocodes 7 et 8. Différentes lois d’écrouissage décrivent l’évolution des surfaces 
de charge dans l’espace des efforts généralisés. Les différents mécanismes plastiques (poinçonnement, renversement, glissement) sont 
couplés dans le cadre de la théorie des multi-mécanismes. Ce macroélément est mis en œuvre dans le cadre de la méthode des éléments 
finis (CESAR-LCPC). Une partie des paramètres du macroélément est calée à partir d’une réponse statique d’une fondation. L’autre 
partie est ensuite définie pour rendre en compte du comportement dynamique.  
Les résultats permettent d’analyser les efforts agissant sur la fondation en fonction du temps. Il est alors possible d’étudier les variations 
du coefficient de sécurité durant la sollicitation sismique et l’effet des non linéarités sur le dimensionnement. 
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1  INTRODUCTION 

The design of shallow foundation under seismic loads requires 
to account for the nonlinear soil structure interaction, especially 
the non linearities that may be induced in the soil. This 
interaction results from the inability of the foundation to match 
the displacement field imposed by the soil motion underneath 
(kinematic interaction), and from the inertial effects from the 
superstructure (inertial interaction).  

Regarding the generation of plasticity in the soil and at the 
soil-foundation interface (overturning and/or sliding) it is 
caused mainly by the specific characteristics of the seismic 
excitation. The occurrence of these non linearities is highlighted 
based on post-earthquake observations and experimental results.   

On the other side, using simplified linear or equivalent linear 
approaches for seismic design leads to an overestimation of the 
seismic induced efforts in the superstructure and on the 
foundation, and does not predict the amplitude of the seismic 
induced displacements properly. Accounting for nonlinear soil 
structure interaction proves to be important in order to avoid 
conservative design and studies.  
 

 
2  MACROELEMENT APPROACH 

2 .1  Definition 

There are many methods that allow the study of soil structure 
interaction, and its non linearities. Recently, methods based on 
the macroelement approach have gained the attention of the 
researchers due to its many advantages. The first application 
was done by Nova and Montrasio (1991) and other 
contributions were carried out later (Paolucci and Faccioli 1996, 
Pedretti 1998, Crémer et al. 2001, Crémer C. , 2001, Crémer et 
al. 2002, Chatzigogos C. T. 2011, Grange 2008, Grange et al. 
2008, Grange et al. 2009). This approach allows to simulate the 
response of a structure foundation system under static or 
seismic load, taking into account the non linear soil structure 
interaction. The macroelement approach is based on the 
formulation of the foundation response using generalized 
variables (efforts and displacements). These variables are 
defined at particular points of the foundation, and are linked by 
elastoplastic constitutive laws.  

A macroelement is a rheological element, incorporating 
these elastoplastic laws. The constitutive laws of this element 
are formulated using classical plasticity rules and its parameters 
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 are calibrated from static response of a foundation 
(experimental data, FEM simulation, etc.). The effects of 
embedment and soil stratification are taken into account in the 
definition of the macroelement parameters. The output is in the 
form of displacements and forces, thus making the 
macroelement a practical approach to be used in the standard 
engineering applications, especially for the design of new 
structures or the analysis of the existing ones. 

Furthermore, the calculation cost is significantly reduced in 
comparison to more complex finite element models. The 
foundation behavior under many excitations can be studied and 
detailed parametric studies can be performed. Hence, the 
macroelement is both a research and engineering practical tool. 

2 .2  Numerical implementation 

The macroelement is installed at specific nodes of the 
foundation. In the process of resolution by FEM, the nodal 
forces at these nodes are not considered; the macroelement will 
bring out this reaction in terms of internal forces, taking into 
account the non linear behavior.  

During a given time step, at each iteration, the contribution 
is calculated: the corresponding iterative displacement is 
retrieved and injected into the macroelement model. The 
macroelement returns a force vector, which represents the 
nonlinear response of the foundation. These forces are injected 
in the calculation process as nodal forces, and the numerical 
algorithm moves to the next iteration. This process is repeated 
until the global equilibrium is reached, before going to the next 
time step.  

The developed macroelement was implemented in the 
framework of the Finite Element Method (CESAR-LCPC, 
software developed by IFSTTAR). The plastic mechanisms are 
coupled using the multisurface plasticity approach (Simo and 
Hughes 1998). 

2.3  Shape of the studied foundation 

The macroelement is developed to assess the behavior of a 
shallow rectangular foundation (Figure 1). The considered 
generalized efforts are: 2 horizontal forces (Hx, Hy), 1 vertical 
force (V), 2 overturning moments (Mx, My); in addition to their 
corresponding displacements: 2 horizontal displacements (uhx, 
uhy), vertical displacement (uv), 2 rotations (θx, θy).  
 

 
Figure 1. Layout of the studied foundation and the generalized efforts 

  

3  MACROELEMENT FORMULATION  

3.1  Elastic behavior 

The elastic behavior of the foundation is modelled by its elastic 
stiffness matrix. The values of the elements of this matrix 
correspond to the real value of the complex impedance of the 
foundation. Analytical formulations for these impedances are 
found in the literature (Gazetas, 1991). 

3.2  Yield surfaces  

The plastic behavior of the foundation is modeled by 3 yield 
surfaces, expressed as a function of generalized efforts. They 
define the limits of the elastic behavior. Each yield surface 
corresponds to a different plastic mechanism:  
a) a sliding mechanism, based on Coulomb’s friction model 

(See Eq.1), 
b) a bearing capacity mechanism, based on the Eurocode 

criterion (CEN, 2005) ,(See Eq.4), 
c) an overturning mechanism, based on Meyerhof approach 

for eccentric loads (Meyerhof, 1963), (See Eq.8), 
These formulas are adapted to account for a 3D loading case 

by properly adding terms to the corresponding expressions. The 
expressions for the yield surfaces are: 
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Hardening laws 
In order to capture the effects of loading reversals during the 
seismic event, the evolution of yield surfaces in the space of 
efforts is represented by two kinematic hardening laws related 
to the sliding (See Eq.9) and overturning (See Eq.11), and an 
isotropic hardening law (See Eq.10) related to the vertical 
bearing capacity surface.  

(9)  du  ) | dp|exp(- C=dq  hplh   

(10)  du=dq  vplv
 

(11) d   M=dq pl) +(0M 2
pl0

0 

  

3.2  Plastic flow rule 

The plastic flow rule defines the direction in which plastic 
deformations are generated. An associated flow rule is used in 
the developed macroelement.  

4 APPLICATION TO SEISMIC DESIGN 

4.1  Calculation input 

In this part, a seismic excitation is applied on a system of 4 
shallow 2 m x 2 m foundations supporting a 5 story frame 
(Figure 2). The frame is modeled by reinforced concrete beams 
of 60 cm x 60 cm cross section. The underlying soil is a layer of 
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  sand lying on a clay layer (Figure 3).  The accelerogram 
registered during the Friuli earthquake (Italy, 1976, 
Magnitude=6.1) at Gemona station was chosen. This 
accelerogram was scaled to a peak ground acceleration of 0.4 g 
(Figure 4). Prior to the seismic excitation, a service load of 
1000 kN is applied on each foundation. 

 

Figure 2. Five story frame on 4 foundations (left), plan view of the 4 
foundations (right) 

 

Figure 3. Underlying soil layers 

 
Figure 4. Input signal - Gemona (0.4 g) – recorded at the Earth’s surface 

Table 1. Foundations and macroelement properties 

Foundations geometry 

Length 2 m 

Width 2 m 

Depth 30 cm 
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s C 0 kPa 

Khy 112 MN/m φ 30° 

Kv 257 MN/m Hh 112 MN/m

Kmx 257 MN/m α 200 

Kmy    257 MN/m 
Vlim 0 kN 

Vult 12 000 kN

 
 
4.2  Results  

The output results of the macroelement simulations are the 
displacements (total and permanent) and the corresponding 
efforts for each degree of freedom. In this case, the time 

variations of the horizontal displacements (Figure 5), the 
seismic induced settlements (Figure 6) and the horizontal 
efforts in one of the foundations (Figure 7) are plotted. 
 

 
Figure 5. Horizontal displacement of the 4 foundations 
 

 
Figure 6. Additional seismic induced settlements of the 4 foundations 
 

 
Figure 7. Time variation of the horizontal effort using elastoplastic 
macroelement vs. seismic coefficients methods to ULS limit 
 
4.3  Analysis of the results  

The time evolution of the horizontal efforts in the foundation is 
compared to the limit sliding resistance of the foundation 
considering the seismic coefficients method. The limit sliding 
resistance depends on the shear strength of the soil foundation 
interface using Coulomb’s principles. The seismic coefficients 
method implies that the earthquake design horizontal effort is 
equal to the mass of the structure multiplied by the ground 
acceleration, assuming a linear behavior everywhere. Non 
linearities in the macroelement leads to a decrease of the 
earthquake design efforts in the foundation, thus increasing the 
safety factor against sliding. In the current case, the safety 
factor related to sliding increases from 1.45 to 2.25.  
On the other side, the maximum settlement of the foundation is 
1.2 cm. The part due to the 1000 kN service load is 8.5 mm 
while the earthquake induced a settlement equal to 3.5 mm. 
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 This value is compared to a limit value of 3 cm, defined as the 
settlement of the foundation for 1/3 of the failure load, 
corresponding conventionally to a settlement of 10% of the 
smaller foundation dimension and equal to 12000 kN in this 
case. Thus, the safety factor related to the limit vertical 
settlements is equal to 2.5.  
Also, the differential settlement is an important criterion for the 
design of structures on isolated foundations. In our case, a 
maximum value of 1.5 mm is obtained, while the limit 
recommended by the 4th International congress on soil 
mechanics (London 1956) is 8 mm (0.2 % of the smaller 
dimension). The safety factor related to the limit vertical 
differential settlement is 5.3.  
In addition, similar verifications involving other parameters 
such as the load inclination, the uplifted area of the foundation, 
the permanent rotations could be conducted.  

5  CONCLUSION 

In this paper, a three-dimensional elastoplastic macroelement 
for the seismic design of shallow foundations is presented. The 
macroelement parameters are easily calibrated from static 
response of a shallow foundation. 
Then the macroelement is used to analyze the behavior of a 
structure supported on four isolated foundations. The results are 
easily analyzed and compared to the different limits in order to 
assess many aspects of the foundation behavior. 
In its actual form, the macroelement is able to simulate the 
behavior of structures supported on many foundations (such as 
bridges, buildings, etc.) or on large elastic foundations (such as 
dams, nuclear reactors, etc.).  
Many improvements could be brought into this macroelement, 
for example the influence of the foundation embedment. Later, 
this macroelement will be completely validated by centrifuge 
tests on foundations.  
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7  LIST OF SYMBOLS 
 
B, L: width and length of the foundation (m) 
Khx, Khy: Horizontal translation stiffness (x and y directions 
respectively) 
Kv: Vertical translation stiffness 
KMx, KMy: Rotational  translation stiffness (Around y and x 
axis respectively) 
Hx, Hy: horizontal forces in x and y directions respectively (kN) 
V : vertical load applied on the foundation (kN) 
Mx, My: overturning moments around y and x axis respectively 
(kN.m) 
qhx, qhy: kinematic hardening variables related to sliding 
mechanism 
qMx, qMy: kinematic hardening variables related to overturning 
mechanism 
uh, uhpl: total and irreversible horizontal displacement (m) 
uv, uvpl: total and irreversible vertical displacement (m) 
θ, θpl: total and irreversible rotation (rad) 
c: soil cohesion (kPa) 
φ: internal friction angle of the soil (rad) 
ex, ey: eccentricities of the load  (m) 
Vlim: vertical load limiting the elastic behavior (kN) 
Vult: vertical failure load of the foundation (kN) 
Hh: coefficient of the sliding hardening law  

α: coefficient of the sliding hardening law 
M0, θ0: overturning moment of the foundation (KN.m) and 
corresponding rotation (rad) 
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