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Inelastic seismic response of pile supported bridge piers

Z.Feng & X.Zhu
Lanzhou Railway College, People’s Republic of China

ABSTRACT: An overall inelastic seismic response analytical model is presented in this paper, in which both the
material and geometric non—lincarity arc included, and the scismic response of an existing reinforced concrete pile
supported railroad bridge pier, which was seriously damaged during the Haichen 1975 earthquake, was evaluated
by using this model to check the accuracy and efficiency. The evaluation results have good agreements with the ac-

tual seismic damage appearances.

1 INTRODUCTION

Great efforts and progresses have been made about the
scismic damage mechanism of bridges. The research re-
sults indicated that the most often occurred damages to
the bridges during earthquakes are: tilting, settlement,
sliding, cracking and overturning caused by
liquefaction, excessive lateral seismic earth pressure et
al; relative displacement of girders at supports and an-
chor bolt failures that resulted in “loss—of—span” at the
piers and abutments. Problems still exist, especially
about the effect of foundation to damage mechanism of
bridges. The seismic damage mechanism of pile sup-
ported bridges are discussed in this paper.

Pile foundations have been widely used in bridge
foundations. Pile as a bending member during
earthquake, it is difficulty to evaluate its lateral resistant
ability. There are many formulae can be used, but no
two formulae can give the same results. On the other
hand, almost all of the formulae were defined only for
single pile, but most of the existing pile foundations are
composed of at least two piles. The pile is in high stress
condition under alternative load action during
earthquakes. When the amplitude of the earthquake
acceleration exceeded 0.1g, the effect of seismic loadings
is one of the most important factors that should be con-
sidered in the design of bridges.

The objective of this study is to set up an overall
inelastic seismic response analytical model and to check
the accuracy and cfficiency of this model through the
seismic response evaluation of an existing pile supported
railroad bridge, which was seriously damaged in the
past earthquake.

2 DISCRETIZATION

In this analytical model, the two dimensional 4—node
isoparametric quadrilateral elements are used in the
discretization of soil. The Mohr—Coulomb criterion
coupled with limited tension model is used to trace the

non—linear behavior.

The Euler—Bernoulli cubic Hermitian beam clements
are used to discretize the reinforced concrete members.
The bearing is modelled by a beam element with a rigid
end. The platform is modelled by rigid beam elements.
An inelastic model in which both material and
geometric non—linearity are included is used to repre-
scnt the inelastic behavior. The Sina hysteresis model is
used to trace the hysteresis pattern of the reinforced
concrete members.

Since stress and strain in the soil will attain high val-
ues in the neighhood of the piles during the seismic
excitation, the possibility of the separation and sliding
between soil and piles is most likely along the interface
between them. In this analysis, the Goodman’s joint el-
ement is adopted to approach the separation and slidiag
behavior. The joint clements are set along the interfaces
between soil and pile as well as soil and platform.

Several approaches have been used to date to ap-
proach the unbounded continua, but most of them are
so complicated to be used in practical analysis. The tra-
ditional engineering approach of simple truncation in-
troduces problems of positioning the finite boundary
for accurate solution. In this analysis, the improved
mapped infinite element (Feng et al 1986, 1987) coupled
with conventional isoparametric element are used to
approach the unbounded soil in the lateral direction. In
this improved mapped infinite element, the linear type
decay is defined.

In this study, it is assumed that only the displacement
is compatible between various types clements and only
single pier mode is used. The elements mesh scheme in
longitudinal direction is shown in Fig.1.

3 ANALYTICAL MODEL FOR NON-LINEAR
DYNAMIC ANALYSIS

An overall inclastic analytical model is presented in this
paper, in which both geometric and material
non—linearity are included. Soil—pile—pier interaction,
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Fig.1 Elements mesh scheme in longitudinal direction

separation and sliding between them are also included.
For reinforced concrete members, a detailed inelastic
analytical model which include the buckling effect and
hysteresis mechanism is presented.

3.1 Constitutive relationship of soil

It is assumed that the foundation soil is in plane stress
condition. The Mohr—Coulomb yield criterion and the
associated flow rule as well as limited tension model are
coupled together for modelling the inelastic behavior of
soil, in which the uniaxial stress—strain relation of soil
can be defined as multilineal.

The Mohr—Coulomb yielding criterion can be ex-
pressed as(Fig.2):
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kFig.2 Mohr—Coulomb yield criterion

where t  is the magnitude of the shearing stress,a,is the
normal stress, c is the cohesion and ¢ the angle of inter-
nal friction. The elasto—plastic incremental stress—strain
relation can be written as:
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where D is the elastic stress—strain matrix. a is the flow
vector. H' is work— hardening parameter and is ob.
tained to be the local slope of the uniaxial stress—plastic
strain curve.

liquefaction of the saturated sands during earthquake
has been the cause of much damage to bridges. The ef.
fect of liquefaction of saturated sands is taken into ac.
count in this study. The judgement of liquefaction is
based on the criterion stipulated by the China <Design
Specification of Earthquake—resistant Buildings>
(GBJ11-89). The calculated liquefaction index indi-
cated that this site has heavy liquefaction grade and in
this analysis, the liquefied soil layers have a different
discount in Young’s modulus, cohesion and frictional
angle 1/2 to 1/ 3 according to the liquefaction index.

3.2 Analytical model for joint element

The joint element constructed from four nodal points.
Two pairs of nodal points are assumed to occupy the
same coordinate at initial state. The behavior of the
contact surface between soil and substructure is ex-
pressed by relative position between surfaces of the joint
element.

The deformation characteristics of the joint element
1re determined by the stiffness of the shear direction X,
and the nurmal direction K,. The stress—strain charac-”
teristic of the joint element are assumed as shown in
Fig.3 for the normal and shear component. The yield
shear stress o, is determined as a function of the normal
stress obeying the Mohr—coulomb failure law.
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Fig.3 Stress—strain relationship at midpointof the joint
clement

The normal stress is not transmitted for £,>0 and the
linear constitutive relation based on the stiffness X, is
valid for €,<0. Spring coefficients X,, K, are related to
the fictitious relative displacement of the interface be-
tween soil and substructure, which in actual response
would not occur. Therefore, the spring coefficient
should be as large as possible. However, numerical in-
stability determines that their magnitude should be
nearly equal to the stiffness of the substructure. Sliding
will take place when the absolute value of shear stress
reaches the yield shear stress <, and the linear shear
stress—strain relation remain below this stress lever.
When separation occurs, the shear stress is not transmit-
ted through the joint wall.

4868



3.3 Analytical model for reinforced concrete member

The total deformation of the beam element includes
four components, ie. (1) elastic deformation; (2)
inelastic deformation; (3) shear deformation and (4)
geometric non~linear deformation.

The inelastic deformation is calculated by a
procedure, first introduced by Otani(1972), which con-
siders the element as two cantilevers with fixed ends at
the supports and free ends at the point of contraflexure

of the moment diagram(Fig.4).
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Fig.4 Geometry of member due to inelastic curvature.

The contribution of inelastic deformation to the flexibil-
ity can be written as:

A8, fu fa [AM‘] ©
AB’ le fn AMI ,
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where SD(M) and SR(M) arc the slopes of the mo-
ments vs. free end displacement and moment vs. free
end rotation of unit length cantilever at moment A
respectively.

Itis noted that if M M, f;, and £, are not equal.
Therefore, the flexibility matrix given by Eq.7a—7c is
not symmetric in general. A symmetrization procedure
of transfer diagonal entry is used in this analysis, which
can be written as:

-1
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where k; is the diagonal entry of element stiffness, 4, is
the element nodal displacement and n is the degree of
freedom of element. Iteration are required to solve
Eq.10. Since the subject is non~linear, iteration has to
be always performed and there is no penalty for
symmetrization. This process has been proved to con-
verge very fast and symmetrization can be done at the
element lever.

Since the effect of liquefaction, the top sands layers
will Joss their resistant ability. The buckling stability of
pile should be considered in such case. In this analytical
model, this effect is taken into account by introducing
the concept of stability functions (Harrison 1973) which
are expressed in terms of the member axial force. A set
of five stability functions are multiplied to the corre-
sponding terms of stiffness matrix to modify the element
stiffness in local coordinate. Besides, the geometry
stiffness is added to the total element stiffness.

For reinforced concrete members, a detailed
hysteresis model is desired that includes at least a
trilinear Joading curve as well as stiffness degradation.
In this study, a modified version of the Takeda model is
used. The model is known as the Sina model and is
modified from the Takeda model by adding a
“pinching” effect and simplifying the model by elimi-
pating same of the rules. The inclusion of the pinching
stiffness is found to improve the low amplitude respanse
of the analytical models compared to experimental tests,
however it also gives a large maximum displacement.
The trilinear Sina model is shown in Fig.5. In which,
nine rules regarding the loading, load reversal and
unloading arc defined. The pinching stifincss is not used
by specifying a large pinching moment in this analysis.
It was assumed that the hysteresis patten are not
changed with the varying of axial load. The skeleton
curve of load—deformation relationship is calculated by
using eclasto— plastic cracking Timoshenko layered
beam model, in which the inelastic deformation, the
shear deformation, the axial deformation and P—A ef-
fect are included(Feng et al 1991). The calcnlated fixed




end moment and free end displacement relation of unit
length cantilever and idealized curves are shown in
Fig.6. The axial load is taken as a constant(800kN) and
is equal to the axial force under dead load plus 50% live
load action.
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Fig.ﬁ Load—deformation relationship of pile

5 EVALUATION OF SEISMIC RESPONSE

Daliao River Bridge was scriously damaged during the
Haichen 1975 earthquake(M7.3). The earthquake inten-
sity of this area is 7 degree. One of the most seriously
damaged piers(No.15) of this railroad bridge moved
0.35m in the longitudinal direction after the
earthquake. Most of the anchor bolts were broken and
the bearing had a 0.35m relative displacement. The
ground boiling and mudspouting was taken place dur-
ing the earthquake. The postearthquake investigation
revealed that the concrete of the pile body near the plat-
form was heavily crushed. This pier is supported by six
reinforced concrete piles in pre—bored holes. The length
of pile is 43m and diameter 1.1m. The steel ratio is

0.6%. The element mesh scheme of pier No.15 is shown
in Fig.1. A full span weight(342/) related to the pier is
set on the top of the pier.

Since the initial stress distribution plays a very impor-
tant role in the dynamic response analysis, the construc-
tion procedures are simply imitated in this study, in
which it is assumed that the weight of supstructure is
mainly sustained by the interface friction between pile
and soil. The liquefaction is assumed to take place with-
in 15m below the ground surface.

The Newmark’s Beta integration algorithm with
B=1/ 4is adopted in the time history analysis, the time
interval is 0.005sec. and the duration is 20sec.(4000
steps). In the numerical integration, 1-point
Gauss—Legendre rule is used. The Newton—Raphson
method is used in non—linear stress iteration. The
convergence criterion based on energy is used to regard
the convergence. The convergence tolerance is 0.2%.
The global stiffness matrix is reconstructed at a certain
step to accelerate the convergence.

The damping matrix [C] is constructed as the linear
combination of the mass matrix [M] and stiffness matrix
[K] as follows:

(C) =a[M]+ BK] (1)
The coefficients « and f are defined as:
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where o, is the ith natural frequency of the system and
¢, is the damping factor for the ith mode.

The NS and UD components of the El Centro 1940
earthquake record are used as one of the ground mo-
tions for this analysis through inverse analysis by using
the viscoelastic shear wave propagation formulae. The
peak value of the accelerograph are scaled to 0.07g. Its
predominant period are also adjusted. The computed
horizontal ground motion response spectrum is shown
in solid line in Fig.7. The original UD components are
used with no changes except the peak values are scaled

ar
~
B3
. /’\ \
g [N\ \
o ! \
dq
RS
R
5
Z
0 | . A i A d
0.5 1.0 15 20 2.5 30

-Period(sec)

Fig.7 Normalized standard acceleration response spec-
trum of the ground motions
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to 2/ 3 of the horizontal motion.

The calculated horizontal displacement time history
of pier cap is shown in Fig.8. The maximum displace-
ments is 2.74cm. The shear force acting at the bearing
time diagram and shear force acting on the pier base
time diagram are shown in Fig.9 and Fig.10. The maxi-
mum shear forces are 2210kN and 553kN  respectively.
It can be seen that the shear force acting at the bearing
is much great than on the pier base.
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Fig.8 Horizontal displacement time diagram ofpier cap
in longitudinal direction
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Fig.9 Shear force time diagram of bearing
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Fig.10 Shear force time diagram of pier base
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Fig.11 shows the moment distribution along the pile.
The maximum value in one of the pile reaches
870kN-m, approximately equal to the ultimate strength
of $00kN—m. It is noted that the maximum value occur-
red at the pilc end adjpcent to platform and is much
great than any other part in the pile. It is also noted that
the degradation due to load repetition is severe and de-
terioration after yielding strength is drastic in this pile
foundation because the pile has a low steel ratio(0.6%).
The pile failure is caused by the degradation and deteri-
orating effect under the alternative seismic loadings.
Since this pier is short, the calculated maximum mo-
ment at the pier base is under the cracking lever.

The calculated free site maximum acceleration at the
ground surface is 0.12g.1t matches the earthquake inten-
sity of this site during the Haichen 1975 earthquake.
The calculated maximum acceleration at the pier cap is
0.16g.

The Tianjng record of Ninghei 1976 ecarthquake
(amplitude 6.9, epicentral distance 65km, maximum
acceleration 0.135g) are used as another ground motion
input, in which the amplitude is adjusted to 0.05g. The
computed response spectrum is shown in dashed line in
Fig.7. Besides, The EW and UD components of the
Taft 1952 earthquake record are used as the third
ground motion and the amplitude is scaled to 0.06g.
The computed response spectrum is shown in dash dot
line in Fig.7. The original UD components are used
with no changes except the peak values are scaled to
2/ 3 of the horizontal inputs. The responses with these
two ground motions are large than the response shown
above. The response with Tianjing record is larger than
with the Taft record. In these two cases, the maximum
moments at the end of pile adjacent to platform are all
exceeded the ultimate moment.

The seismic responses of this pier in transverse direc-
tion have also been performed with the same three
ground motion inputs. The results indicated that the re-
sponse in transverse direction is small compared to in
longitudinal direction. The maximum shear force at the
bearing is only about 1/ 3 of at the pier base. This is
because the stiffness of this pier in transverse direction is
larger than in longitudinal direction. Besides, the maxi-
mum moment at the pile end adjacent to platform is
about the same with in longitudinal direction.
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Fig.11 Moment distribution along piles



6 SUMMARY AND CONCLUSIONS

It can be seen that the evaluation resuits have good
agreements with the actual seismic damage appearances.
The evaluation results indicated that:

(1) there is a large shear force acting at the bearing in
the longitudinal direction during earthquakes. It meas-
ures about 4 times of the shear force acting on the pier
base and some strengthen steps should be adopted in
the design. The pier stiffness, especially the cap stiffness,
in longitudinal direction should be increased to about
equal to the value in transverse direction;

(2) there is always a stress focus at pile end adjacent
to the platform. Some details should be added in design
to enhance its earthquake—resistant ability;

(3) it can be seen from this study that the damage is
primarily induced by the hysteresis effect since the piles
in this pile foundation have low steel ratios, therefor it is
necessary to assure the ductility demand of the pile es-
pecially in the area adjacent to platform. A least steel
ratio demand should be stipulated in the design specifi-
cations;

(4) when the liquefaction is taken place, the buckling

stability of the pile should not neglected. In this study, it
was found that the buckling effect can increase the max-
imum moment at the end of pile adjacent to platform
from 5% to 10%;

(5) it was also found throungh this study, the detailed
analytical model for soil has little effect on the seismic
response of structure(pier and pile) compared to other
effect considered in this analytical model;

(6) there are four key elements of the ground motions
contributed greatly to the overall inelastic seismic re-
sponse of the soil—pile—pier system. They are the pre-
dominant period, the magnitude of the elastic response
spectrum, the peak value and the duration of the
ground motions.
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