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3-D elastoplastic finite element analysis of pile foundation considering the influ­
ence of axial force on the stiffness of group piles

Analyse élastoplastique tridimensionnelle par éléments finis de fondations sur pieux considérant l’influ­
ence de la force axiale sur la rigidité du groupe de pieux

M.Kimura -  Department olCivil Engineering, Kyoto University, Kyoto, Japan 
M.Higuchi -  Department ol Civil Engineering, Gilu University, Gilu, Japan

ABSTRACT: A pile foundation in a soft ground will usually be subjected to lateral cyclic loading during an earthquake. In a major 
earthquake, it is reasonable to think that the mechanical behavior of a pile foundation and the surrounding ground is nonlinear. In the 
limit state design method of a pile foundation, it is very important to clarify the mechanical behavior of pile foundations subjected to 
lateral cyclic loading up to an ultimate state. In this paper, a new beam theory is propose for RC material. It is based on a weak form 
in which the axial-force dependency in the nonlinear moment-curvature relation is considered. Then, real scale field tests are 
simulated on a 9-pile foundation using a three-dimensional elastoplastic finite element analysis (DGPILE-3D). Each pile has a 
diameter of 1.2 m and is subjected to cyclic lateral loading up to the ultimate state. Meanwhile, the ground soils are simulated with 
tij-clay model and tij-sand model. The purpose of the paper is to provide an applicable numerical way of evaluating the mechanical 
behavior of a pile foundation subjected to cyclic lateral loading up to the ultimate state.

RÉSUMÉ: Dans la méthode de dimensionnement à l’état limite d’une fondation pieu, il est très intéressant de clarifier le 
comportement mécanique de ces fondations susceptibles de subir un chargement cyclique latéral jusqu’à l’état ultime. Dans cet 
article, une nouvelle théorie des poutres est proposée pour les matériaux en bétons armés. Cette théorie est basée sur la forme faible 
dans laquelle on considère la dépendance à la force axiale dans les relations moment-courbature non-linéaires. Ensuite, des test à 
échelle réelle ont été simulés sur des fondations à 9 pieux utilisant une analyse par éléments finis en élasto-plasticité en trois 
dimensions (DGPILE-3). Chaque pieu a un diamètre de 1,2m et est assujetti à un chargement cyclique latéral jusqu’à l’état ultime. Le 
propos de cet article est de fournir un moyen numérique utilisable permettant d’évaluer le comportement mécanique des fondations 
pieux assujetties à un chargement cyclique latéral jusqu’à l’état ultime.

1 INTRODUCTION

In investigating the interaction between a group-pile foundation 
and its surrounding ground, particular attention should be paid 
to the nonlinearity of the piles and the surrounding ground. As 
to the piles, the influence of axial force on the stiffness and the 
bending strength of the RC group piles should be carefully 
considered in the moment-curvature relation (M-<J> relation). It 
is well known that the bending strength of RC piles is largely 
dependent on the axial force of the piles. Up to now, few 
achievements have been made in the 3-D finite element analysis 
of pile foundations considering axial-force dependency.

In this paper, the authors propose an axial-force dependent 
nonlinear model for RC material by introducing a new weak 
form of the equilibrium equation for beams so that the 
interaction between the bending moment and the axial force can 
be properly evaluated. In evaluating the stiffness o f the RC 
beam, the concept of a multi-spring model and a fiber model is 
used. The multi-spring model and the fiber model are mainly 
used in building structure analyses in which soils are not 
considered. If the interaction between piles and soils is 
considered in the numerical analysis, especially in FEM, the 
compatibility o f the deformation should be satisfied at every 
node. However, these two models do not satisfy the condition.
For this reason, the concept o f the discretization of RC in the 
multi-spring model and the fiber model is introduced to the new 
finite element beam theory proposed in this paper in which the 
compatibility of deformation is satisfied.

2 NEW FORMULATION OF THE BEAM ELEMENT 
CONSIDERING THE AXIAL-FORCE DEPENDENCY

The multi-spring model and the fiber model (Lai et al., 1984; Li 
and Kubo, 1999) are applied to idealized RC members by 
taking into consideration the interactions among biaxial bending

and axial forces. In the models, the member material is modeled 
by a number of springs or fibers whose mechanical behavior is 
strictly determined according to the member material and the 
geometric properties. Each steel bar is represented by a steel 
spring or fiber, and the concrete area of the RC member section 
is discretized and represented by a large number of concrete 
springs or fibers. In the models, the plane-section assumption, 
that is, when an RC member is subjected to biaxial bending, 
axial force, and shear forces, any section along the member
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Figure 1. Nonlinear properties of reinforcement and concrete.
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longitudinal axis is kept as a plane, remains valid. Based on the 
concept of the discretization of RC in the multi-spring model 
and the fiber model, a new weak form of the equilibrium 
equation for the beam is proposed to satisfy the compatibility of 
the deformation. As to the stress-strain relations of 
reinforcement and concrete, the same relations as those 
proposed by Li and Kubo (1999) are adopted, as shown in 
Figure 1.

As to £,, the strain at a arbitrary point P(x,y) at the sectional 
plane of a beam, it can be divided into three parts, that is, the 
bending strain e; due to the bending strain e2 due to My and 
axial strain Eo due to axial force, as shown in following 
equation,

ea =e, +e2 +eo=j*f/„ (z)[ + (z)[ - f*» w f)M M

= {F(Z)f.[A]{5} (1)

where {5}= ^  vf wt 0*  8^  Uj v, Wj 6^  0 yjf  is 

the nodal displacement vector.
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The virtual energy stored in the beam element due to a virtua 
strain can be expressed as,

(5)

U = \U<Ja deadv
V

= W  m  • 1 4  { ^ ( z ) f [ ^ v -  {5 }

On the other hand, virtual energy W brought about by the 
external force due to a virtual displacement, is W={dS}T{F}. 
Therefore, the virtual energy theory (W=U) can be obtained as

{ f } =  JJJE. [a J  {F(z)}. {F(z)Y  [A]rfv £ } =  [k \  £ }  (6)

where [AH is the stiffness matrix of the beam element and can be 
rewritten as

[k ] =  m  e [a J  [i ][a ] i v  (7)

[ / ] =  { F ( z ) } .  { F ( z ) f  =  ( * ^ / ( z ) } +  y j t f / i z ) } -  ^ » ' ( z ) j )

(8 )

In the classical beam theory, [7] is defined by Equation 9 in 
which the influence on the M-<t> relation due to the axial force 
is not considered, namely,

[/]=[/1]=x2^ u' ( 4 ^ ' ' ( z ) f  +

>2jtfv’ (z)).{tf/(z)f + ̂ '( z ) |-  ^ ' ( z ) [

Based on Equations 8 and 9, [/] can be rewritten as

[ / ] = [ ' . ] + M

where [/2]is evaluated by the following equation:

[/2]= x, ■ ((h / w  j- + K " (z))- k '< * > r)

-  + )

[/2] is the newly added item which takes into consideration the 
influence on the M-<f> relation due to the axial force. Based on 
the above equations, [AH can be expressed as

[ r ] . [ * r . [ D ] - W . [D) =  r 0 ' "  ° '

where
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(14)

The integration in Equation 14 can be evaluated by 
discretizing area A into N small areas and taking the sum as

E I y = H E x 2 dA = Z E ix f A i . (15)
¡=1

As to the discretization of the RC circular section, it is 
discretized to m-concentric rings with equal thickness of 
T=rJ-rj.l=RJm, as shown in Figure 2. Each ring is divided again 
into 8j-4 elements for the j-th ring <j=l,2...m). It makes a total 
of 4m2 divided elements with equal areas of a=dR!/4m2. The 
elements of the j-th ring are located on the circumference with 
radius

2 ( r j - l + r j - l r j  + Q )  

r j ~ 3(r,_1 + ry )
(16)

In order to confirm the validity of the new beam theory 
proposed in this paper, a cantilever whose material parameters 
are listed in Table 1, subject to monotonic and cyclic loads, is 
firstly calculated with a finite element beam analysis based on 
the theory. The cantilever considered here is an RC material 
with a length of 8 m and a diameter of 1.2 m. In the calculations,

Figure 2. Discretization of the circular section of RC pile.
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Figure 3. Nonlinear relations of beam under monotonie loading.
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Figure 4. Nonlinear behavior of cantilever under cyclic loading.
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Thick-
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E

(MPa) V Df m a e0 % X( CJ K(C.)

B 10.0 — 0.30 -0.6 0.3 0.85 0.90 4.05 0.0034 0.0016
Asl 11.0 — 0.30 -0.6 0.3 0.85 0.8 4.35 0.0024 0.0010
Acl 5.0 -- 0.38 ___ __ 0.70 0.7 3.5 0.03 0.01
Dc 6.0 100.0 0.30 ___ __ __ __ ___ __ __

Tibie 3. Parameters cf the RC pile.

1. PHYSICAL PROPERTIES OF RC:

Compressive strength of concrete : ac=3.8 X 104 kPa 

Young’s modulus of concrete: Ec=2.5 X 107kPa 

Young’s modulus of steel: £,=2.1X 10’ kPa 

Yielding strength of steel: ffy=3.8 X 10s kPa

2. ARRANGEM ENT OF THE REINFORCEMENT:

Part A  D29-24 (length: 345 cm)

Part B: D22-12 (length: 1050 cm)

Part C: D22-12 (length: 1600 cm)

Overburden of the reinforcement: 15 cm

and then mixed diluvial layers of clay and sand. The piles are 
made up of three parts, with less reinforcement at the lower part 
compared to the upper part. In the test, seven cycles of 
loading-unloading are repeated up to 20.5 MN. In the 
calculations, such aspects as the horizontal load-displacement 
relationship of the group-pile foundation, the M-4> relation of 
the piles and the moment distribution in different piles are 
carefully checked and compared with the test results.

In this paper, the numerical calculations are conducted under 
a total stress condition. The soils are described by tij sand 
model (Nakai, 1989) and tij clay model (Nakai and Matsuoka, 
1986). The material parameters of the ground are shown in 
Table 2, whose values are determined based on the N value of 
SPT. The mechanical and the geometric properties of the piles 
are given in Table 3.

Tibie 1. Material Parameters cf RC caitile\tT..

Ec (KPa) oc (KPa) a, (KPa) Reinforcement E.(KPa) Oy(KPa)

2.5 X107 3.6 X 10* 30 D29-24 2.1 X 10" 3.8 X105

the cantilever is simulated with eleven beam elements. 
Monotonic and cyclic axial and/or bending loads are applied at 
the top of the cantilever. It is found from the analysis that the 
axial-force dependent M-<P relation is well simulated under 
monotonic and cyclic loading conditions, as shown in Figures 3 
and 4.

3 APPLICATION TO A FIELD TEST OF GROUP-PILE 
FOUDNDATION SUBJECTED TO CYCLIC LATERAL 
LOAD

Real-scale laterally loaded failure tests on a 9-pile foundation 
(Kimura et al., 1994), with a diameter (D) of 1.2 m and 
subjected to a large deformation of 37% D, is simulated with 
the three-dimensional elastoplastic finite element analysis 
(Kimura and Zhang, 1999) based on the newly proposed beam 
theory. The ground at the test site is a backfilled ground. It 
consists of an upper layer of about 10 m of backfilled sandy soil

-acd
o

Displacement (cm)

Figure 6. Comparison of the load-displacement relationship obtained 

from field tests and calculations.
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Loading direction

puc,

Figure 5. Finite element mesh.
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Figure 7. Calculated M  <p relations of the piles just beneath tte footing.
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Figure 8. Distribution of moments at the maximum loading obtained from tests and calculations.

By taking into consideration the symmetric, geometric, and 

loading conditions, only half o f the domain is used in the 

analysis. An 8-node isoparametric solid element is used in the 

finite element analysis and the mesh is shown in Figure 5. In the 

calculations, a prescribed external force is applied in seven 

cycles in the same way as it was in the tests. An incremental 

load of 400 KN was applied at each step.

Figure 6 shows the horizontal load-displacement relationship 

of the group-pile foundation. It is found from the figure that the 

shape of the load-displacement loop obtained from the 

calculations and the tests are the same. The calculated 

load-displacement relationship agrees well with that from the 

field test in the first three loading-unloading cycles. A lter the 

4th cycle, however, discrepancies between the calculated and the 

tested results increase with further loading. This result shows 

that the material parameters of the ground should be determined 
through laboratory tests, such as CTC tests and consolidation 

tests, instead of estimating by the N value of SPT.

Figure 7 shows the M-<I> relations of the beam 0.5 m away 

from the pile heads of the front, the middle and the back piles. 
Since a cyclic load is considered here, the front and the back 
piles are defined according to the initial loading direction. It is 
found that not only do the maximum bending moments show a 
large variation for different piles, but also the hysteresis loop of 
the piles changes dramatically. The hysteresis loop of the front 
piles has a s im ilar shape to the loop of the load-displacement. 
An opposite residual bending moment is observed in the middle 
and the front piles when the external load is completely 
removed, showing that the front piles dominate the deformation 
pattern of the group-pile foundation.

Figure 8 shows the distribution of bending moments for 
different piles. It is obvious that the difference among the 
bending moments of the front, the middle, and the back piles is 
prominently due to the different axial forces in the piles. The 
maximum bending moment occurs in the front piles and its 
value is twice as large as that in the back piles. In the present 
analysis, the difference among the bending moments in the 
front, the middle, and the back piles is well simulated because 
the influence of axial force on the Ai-i> relation is properly 
considered.

4 CONCLUSION

From the numerical analyses conducted in this paper, the
following conclusions can be given:
1. An axial-force dependent nonlinear model for the M-<J> 

relation of RC material is proposed by introducing a new 
weak form of the equilibrium equation for RC material. It 
can be applied to finite element analyses and satisfies the 
compatibility of deformation.

2. By introducing an axial-force dependent nonlinear model 
for the M-<t> relation of RC material, the difference among 
the distribution in bending moments of front, back and 
middle piles in a group-pile foundation subjected to cyclic 
lateral loading can be well simulated.

3. By introducing adequate models for the RC material and the 
soils, the mechanical behavior of a pile foundation and its 
surrounding ground can be described to some extent under a 
cyclic loading condition up to the ultimate state.
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