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Synopsis: When pile foundations experience a severe earthquake, it is generally assumed that
postpeak bending behavior emerges locally in the pile at the top and near the boundaries
between different soil layers in the ultimate limit state. Experimental results for typical
cast-in-place RC piles indicate that the postpeak behavior is mainly caused by the collapse of
cover concrete and the local reinforcement swelling. In this study, we propose a simple
constitutive model for fiber elements. The proposed model uses a plastic buckling model to
describe the swelling of reinforcing bars. The plastic buckling length of the reinforcement bar is
used as the element length. Numerical verification using this proposed model shows
approximate agreement with experimental results for model piles under cyclic loading.
Furthermore, a couple of examples are demonstrated. One is a comparison of toughness of RC
piles in air and in ground. A model RC pile embedded in sand and subjected to lateral cyclic
displacement at the top is computed using the proposed model with and without consideration
of lateral confinement to the cover concrete of the pile due to the earth pressures of the
surrounding soil. The other is a dynamic analysis using the proposed model of a bridge pile
foundation. Finally, we propose design conditions and criteria for pile foundations likely to
suffer from seismic-induced ground vibration.

Keywords: pile foundation, postpeak behavior, swelling of reinforcing bar, kinematic interaction,
seismic design
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1 . Introduction

Seismic design methods and structural design codes have been developed based on the
lessons learned from past earthquake experience. A recent trend is to clarify and verify
the seismic performance requirements of structures for withstanding large earthquakes in
order to prevent the collapse of structures or to control structural damage so that the struc-
ture quickly returns to service. Accordingly, seismic design has come to examine both the
strength and ductility of structures against large earthquake motions, rather than only ensur-
ing that structures behave elastically against small to medium earthquake motions, as was
the case previously. |

The Speciﬁcations for Highway Bridges,”> which is the Japanese design code for
highway bridges, require that the response of a foundation to very strong seismic motions of
low probability during the service lifetime should be such that no excessive repair work is
necessary, thus enabling a quick return to service, and the horizontal strength and ductility
should be sufficient to facilitate repair of damage to the foundation if needed. Furthermore,
the Specifications for Highway Bridges recommend a ductility design method as acceptable
for verifying the requirements. This is a static design method, and lateral forces correspond-
ing to the inertial forces of the first vibration mode of seismic response are applied, that is,
a so-called ‘pushover analysis’ is employed. In the ductility design method of pier founda-
tions, the lateral inertial forces arising from the motions of superstructure, pier, and pile cap
are taken into account. It is verified that the maximum displacement at the foundation top
does not reach the range in which the behavior of the foundation system is clearly nonlinear

against the design earthquake. In addition, dynamic inelastic response is estimated if needed,



through applying a so-called energy conservation method to the result of the pushover anal-
ysis, under the assumption that the behavior of the structure can be modeled as a one-DOF
system with an idealized bi-linear response. The specifications show a couple of examples of
inevitable situations in order to consider the inelastic behavior of a foundation system. One
is when a pier ends up possessing a large capacity due to factors outside the seismic design
process. The other is when liquefaction of the subsoil layers occurs. These exceptions occur
because excessively expensive and large-dimension design results would be achieved in the
case of considering only the strength capacity.

However, since several disastrous earthquakes have occurred in various parts of the
world in the last decades, engineers are seeking design methods that can provide a more
realistic description of the seismic behavior of structures and assess the structural limit states
of foundations during very strong earthquakes. One of the salient problems to be solved in
order to satisfy the need of engineers is the prediction of the progressive structural inelastic
behavior of four}dations from the elastic state up to the postpeak region. In this study, our
empbhasis is placed on concrete piles, especially on cast-in-place RC piles, because these
are the most popular type of structural piles in Japan. Major factors in the reduction of
bending rigidity can be characterized by the onsets of concrete cracks and reinforcement
yield. Moreover, the negative stiffness of bending rigidity can arise from the onsets of cover
concrete spalling and reinforcement swelling. Since pile foundations are highly statically
indeterminate as structural systems and consist of several piles and the surrounding soils,
there is no large capacity loss until the foundation is severely damaged in several sections.
Therefore, the postpeak behavior of the section must be considered in a numerical model
of piles in order to predict the collapse behavior of the entire system of the grouped pile
foundation.

However, numerical models used in the design of RC members do not consider such
postpeak behavior and do not allow reliable estimates of the relationship between the pile
foundation stability and the damage sustained by each pile. Accordingly, in order to quanti-

tatively examine the stability of pile foundations subjected to inertial forces from the super-



structure and the damage sustained, and to develop the ductility design of pile foundations,
Kimura et al.?-® performed a series of large-scale experiments of pile group structures in air
and subjected to reversed cyclic horizontal and overturning moment loads. This is a mile-
stone in the history of the development of the limit state design of pile foundations. Kimura
et al. have proposed an allowable value for the displacement ductility factor of pile groups to
ensure the seismic performance requirements for design against large earthquakes as spec-
ified in the Specifications for Highway Bridges. Although the recommended limit value of
ductility factor is, deterministically, four and is considered to be independent of the number
of rows of piles and the type of piles, the limit ductility factor must depend on these ele-
ments. The reason for the recommended allowable ductility factor being made constant is
that the proposal is based only on a small number of experimental studies, and conventional
numerical models and techniques cannot predict the postpeak behavior of piles and cannot
estimate the relationship between the initiation of a large loss of horizontal capacity of a pile
foundation and the progress of damage to the piles (in other words, the ultimate limit state
of the horizontal deformation capacity cannot be determined).

Several studies have reported numerical simulations that trace the postpeak behavior
of RC members,® and these studies have indicated that reinforcement swelling must be prop-
erly modeled.” 'V The fiber model is considered to be suitable because we can set material
nonlinearities and kinematic reinforcement softening phenomena due to swelling as consti-
tutive relations in each fiber and because changes in the applied axial load in each pile of a
pile foundation that depends on the horizontal displacement of the superstructure strongly
affect the nonlinear characteristics of the piles. On the other hand, some consideration is
necessary in order to avoid mesh size dependency of the numerical result when a softening-
type constitutive model is used in a finite element analysis.'”»'¥ For general RC members, |
however, the problems of how to model the swelling behavior of the reinforcement and how
to set the element length when using a softening constitutive model considering the presence
of swelling have not yet been resolved.

This study is organized as follows:



e In Chapter 2, we conduct numerical analyses of an RC pile subjected to lateral cyclic
loading in air, and demonstrate how the stress-strain relations of concrete and rein-
forcement affect the numerical behavior of RC piles. We summarize some important

items to be considered in modeling of RC piles with fiber elements to predict their
postpeak behavior. Finally, we clarify the application limitations of existing constitu-

tive models.

e In Chapter 3, a uniaxial constitutive model for longitudinal reinforcement, including
kinematic softening due to swelling behavior, is proposed to trace the behavior of
RC beams from the elastic region to the postpeak region. The proposed model is
to be implemented into fiber elements. The proposed model treats the swelling of
a reinforcement bar as a plastic buckling phenomenori that occurs after compressive .
collapse of the cover concrete. This model is combined with an ordinary constitutive
model with no swelling effect. In addition, a method to determine the length of an
element to which the proposed constitutive model is applied is also proposed in order to
avoid the mesh dependency of the finite element result due to the softening of elements.
The mesh dependency can be avoided by ihtroducing the plastic buckling length as the
characteristic element length. The accuracy and characteristics of this constitutive
model are checked through calculations using the experimental results of RC piles

subjected to lateral reversed cyclic loading.

e An application of the proposed model is demonstrated. In Chapter 4, the ductile behav-
ior observed in an experiment involving an RC pile embedded in sand and subjected to
a lateral reversed cyclic loading at the top is numerically examined. Recently, the use
of extended RC pile shafts in single and multicolumn bents is expected as a result of
increased construction of overpasses in urban areas, because there is less space for the
construction of foundations and such structures do not require pile caps. An extended
pile shaft is a structure in which the pile shaft is continued over the ground level as a

column of almost the same diameter. In these structures, the plastic hinge zone which



would dominate the ultimate limit state of the bridge as a system is formulated as being
located under the ground. Accordingly, it is anticipated that the seismic response of
 the bridge as a system and the distributions of sectional forces of column bents as well
as pile shafts depend on the location and ductility capacity of the plastic hinge zone.
Therefore, in this chapter, we examine the difference in toughness of cast-in-place RC
piles located above and below the ground, respectively. In particular, we look at the
lateral confinement effect to the cover concrete of the pile due to earth pressure from
the surrounding soils. We numerically estimate such effects on the ductility of piles

through parametric simulations using the proposed model.

Finally, in Chapter 5, an example of the séismic behavior simulation of a grouped pile
foundation consisting of cast-inQplace RC piles is shown, using the proposed fnodeling
of RC piles. According to the concept of performance-based design code, the seismic
design will capture the seismic collapse behavior of pile foundation systems and de-
fine the limit states to be considered, that is; the relationship between the possible
damage state and the stability of the foundation. In effect, Chapter 5 shows an ex-
ample of a future computational seismic performance assessment of a pile foundation
subjected to a severe earthquake, based on the performance-design concept. Recent
reports of earthquake damage such as that in the Hyogoken-Nanbu earthquake (Kobe
Earthquake) of 1995 reveal that pile foundations are likely to sustain damage near the
boundaries between soft and hard subsoil layers due to the kinematic interactions dur-
ing a large earthquake. Many studies have attempted to develop prediction methods
for such damage, which are suitable for practical design.'¥2? Nevertheless, a quanti-
tative assessment of the effects of local damage or local loss of the strength of the piles
on the foundation system has not been fully investigated.??) We also discuss a seismic
design method for pile foundations, which takes into account the kinematic effect from.
seismic-induced ground vibrations, for the spécial case in which the damaged portions

in the piles are deeper compared to the area greatly affected by the inertial interaction.



2 . Fundamental Limit of the Ability of Existing
Constitutive Models in Prediction of Postpeak

Behavior of Cast-in-place RC Piles

A fiber model (or fiber element) is a kind of beam element used in the finite element method.
A fiber model consists of several subdivided fibers in the sectional area of a beam. Each fiber
is given a uniaxial constitutive model for uniaxial tension and compression in the fiber, the
sectional bending rigidity and sectional forces are derived by the integration of corresponding
physical values of the fibers, respectively. We can consider the nonlinear properties of RC
members due to the material nonlinearities of concrete and reinforcements.

Meanwhile, moment-curvature relationships are widely-accepted in modeling to sim-
ulate the nonlinear bending behavior of RC beams, because the handling is much easier in
the computation rather than when using the fiber model. However, pile foundations, which
are emphasized in the present study, are composed of several piles and are frame-type struc-
tures. When a pile foundation is subject to horizontal loads or overturning moment loads,
the axial force in each pile varies and the nonlinear property for bending in each pile also
changes along with the variation of the axial force. Namely, the moment-curvature rela-
tionship of each pile is not maintained during the action of horizontal loads or overturning
moment loads to a foundation system. Consequently, the applicability of moment-curvature
relationships in nonlinear analyses of pile foundations should be considered to be limited.
This has been also shown by the authors?>?? through a numerical simulation of a model

group RC pile subjected to cyclic lateral and moment loads, simultaneously.



On the other hand, the fiber model automatically takes the effect of the variation of
axial force into account, since the bending rigidity of each pile is updated in each loading
step along with the change in its axial force at every section during a simulation. Therefore,
the fiber model is greatly advantageous in the nonlinear analysis of pile foundations.

In this chapter, as an initial step in the study of the modeling of cast-in-place RC
pile members, the effects of the constitutive relations of concrete and reinforcement on the

nonlinear response of piles are examined, based on typical constitutive relations.

(1) Experiment on a type-1 pile specimen subject‘ to a hor-
izontal reversed cyclic load with a constant axial load

We examine an experiment performed by Kimura et al.¥® The specimens used are
summarized in Figure 2.1, and the corresponding material properties, which were obtained
from standard element tests, are listed in Table 2.1. We hereafter refer to this specimen as
the type-1 pile specimen. The axial load was first applied to the top of the specimen up to
147 kN and was maintained there throughout the experiment, where the axial compressive
stress was 7.7 % of 0. The horizontal reversed cyclic load was then applied. This cyclic
loading was controlled by displacement at the horizontal loading point of the specimen. The
amplitude of the specified displacement was gradually increased from ¢ to n X &, (n = 2,3,
4, ...16), where the yield displacement d, is déﬁned as the displacement at which an extreme
longitudinal reinforcement bar first yields. The amplitude of the specified displacement was
eventually determined to be 3.57 mm in this specimen. At each displacement, three cycles
were repeated. |

Figure 2.2 shows the horizontal load-displacement history measured at the loading
point in the experiment. Noteworthy characteristics of this history are summarized as fol-

lows:

o Horizontal cracks appeared when the horizontal load reached 24.5 kN;



lconst. axial force
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Figure 2.1 Experiment on type-1 pile specimen subject to horizontal reversed cyclic loading

Table 2.1 Results of material element tests for the type-1 pile specimen

Reinforcement

Reinforcement Yield stress | Tensile strength | Young’s modulus
(N/mm?) (N/mm?) (kN/mm?)
Longitudinal 348 478 175
Hoop 389 554 213
Concrete
Age | Compressive strength | Young’s modulus | Splitting strength
(days) (N/mm?) (kN/mm?) (N/mm?)
40 27.1 - 26.5 2.72




The maximum horizontal load, 55 kN, was attained when the horizontal displacement

became 46, (14.3 mm);

During the 56, cycle, the surface concrete of the pile slightly collapsed near the joint

between the pile and the footing;

Although the horizontal load fell temporarily during the 76, cycle (25.0 mm), it was

maintained afterwards in cycles 76, through 106,;

However, loss of horizontal load started again at cycle 116, (49.3 mm), and damage to

the pile became noticeable;

Eventually, at the third cycle of 134y, several large pieces of the cover concrete in the

compression side near the joint suddenly dropped away.
Thereafter, a reinforcing bar fractured at 149 ‘;
Further reinforcement bars began to fracture after the first cycle of 166,;

The experiment was terminated after the 166, cycle (57.1 mm).

Damage observed near the bottom of the specimen is shown in Photo 2.1. The longitudi-

nal reinforcing bars were deformed into the form of a sinusoidal wave with a wavelength

approximately three times as long as the hoop spacing of 40 mm, i.e. 120 mm.

2

Numerical models

Piles are considered to be Bernoulli-Euler and are presented as fiber elements in the

present study.

a) Modeling of the experiment

A two-dimensional finite element anélysis is employed within the framework of the

infinitesimal displacement theory. The connection between the pile and the footing is con-

sidered as a rigid embedded end. The same vertical load as in the experiment is first applied

9
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Figure 2.2 Horizontal load-displacement hysteresis at the load point in the experiment of
type-1 pile specimen

Photo 2.1 Damage at bottom of the type-1 pile specimen after the experiment
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to the top of the specimen, and then the horizontal displacement is input at a height of 900
mm, which corresponds to the loading point in the experiment.

Since we employ a softening type of constitutive relation for concrete, as described
below, the finite element mesh dependency of numerical results is anticipated. In order to
avoid this, we fix the element length as 150 mm, which is a half of the pile diameter, based
on the experimental observation and the specifications of the seismic design of the piers.!
Next, two types of nonlinear constitutive relation for reinforcing bars and several patterns of
the values of the degradation gradient parameters of concrete are tested in this section under

the condition of constant element length.

b) Constitutive models of reinforcement

Two representative constitutive models are examined in this chapter: fhe bi-linear
model and the Ramberg-Osgood model. The RamBerg-Osgood model has an exponential
function type relation and is employed in a constitutive relation of soils that are subject to
simple shear deformation, although the model was originally proposed for metals.”® Details

of the Ramberg-Osgood model are presented in Chapter 5 (2).

¢) Constitutive model of core concrete

Since the postpeak behavior of piles subject to cyclic loading is considered, we employ
the modified Mugufuma model, as shown in Figure 2.3, as proposed by Ristic et al.,>¥ which
can also handle softening behavior due to plastic deformation.

This model is composed of nine hysteresis rules. The skeleton (envelope) curve is con-
structed using an ascending compression branch of a second-order parabola (O-CC), the sus-
taining branch of the maximum comﬁressive strength (CC-R), and two linear falling branches
(R-U, U-L), where the point ‘L is the compressive failure point. Internal curves consist of:
when stress reverses from the compression loading envelope to an unloading path, a second-
order parabola crossing zero stress at one-half strain of the reversed point strain. When the

stress changes back to a compression reloading path, the branch goes straight through the

11
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Figure 2.3 Modified Muguruma model

common point of the same strain as the preceding reversal point on the compression loading
envelope. The common point curve, as shown in Figure 2.3, is defined as the curve scaled to
0.9 times a skeleton curve, and this is required so as to specify reloading curves. Stress-strain
branches of concrete subjected to tension stress are linear, and the values of tension failure
stress o, and gradient E, are dependent on the maximum compressive strain in the history,
£cmax- In addition, in the strain region exceeding tension or compression failure strains, the
stress and strain paths run along o~ = 0.

We further modify this model as follows in order to include the confined effect on core
concrete by hoop reinforcement, and construct a skeleton curve by referring to Hoshikuma
et al.,> which is adopted in the Japanese Specifications for Highway Bridges.? This mod-
ification alters the skeleton curve of the modified Muguruma model such that it no longer -
possesses a sustaining branch of peak strength, as illustrated in Figure 2.4. The maximum

compressive stress point (CC) is evaluated by

Oce = O + 3.80,07, 2.1

PsOy
g = 0.002 + 0.033 , (2.2)

Tco

for the solid circular section, where o is the unconfined compression strength of concrete
obtained by a standard material element test, o, is the yield strength of the lateral confine-

ment bars (i.e. hoops or spirals in the case of piles), p, is the volume ratio of the lateral

12
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Figure 2.4 Schematic outline of the constitutive model of concrete employed in this paper

confinement bars and is defined by

4A,
= — 2.3
Ps=—3 (2.3)

where d is the diameter of the hoop or spiral, which has a bar area A, and s is the longitudinal
spacing of the hoop or spiral. Hoshikuma et al. have recommended that the value of p, should
be given as 0.018 when Eq. (2.3) provides a value larger than 0.018 from the scope of their
experimental parameters. The degrading gfadient between CC-U is given by the following

equation: -
2
9y
Edes =-11.2 > . (24)
PsTy

where Eg is a descending gradient between CC-U. While Hoshikuma et al. used a hyper-

bolic function rather than a simple second parabolic function to define the ascending branch,
a sécond-order parabola is basically adopted in the present study following the definition of
a skeleton curve of the modified Muguruma model, because the numerical results for the
bending behavior of piles are considered to show little discrepancy.

Since the descending gradient introduced by Hoshikuma et al. 1s determined through a
regression analysis of the experimental results obtained for uniaxial compression tests using
large-scale specimens and since the regression analysis evaluates the range from maximum
compressive strength o, to 0.507, this regression analysis cannot be applied directly to the

modified Muguruma model. Accordingly, we derive the first descending gradient, which

13



is valid in the range from O'cc‘ to 0.50, (the branch CC-U) from Hoshikuma et al., and,
in the following section, we set the second descending gradient in the range below 0.50,
(the branch U-L) through a parametric study of the simulation of piles subjected to cyclic
lateral load. The specimens used in the uniaxial compression element test of Hoshikuma
et al. had volumetric ratios of hoop reinforcement of 0.19-4.66 %, and both the volumetric
ratios of hoops used in test pile specimens analyzed numerically herein and those of the piles

commonly used in Japan are of the same order.

d) Constitutive model of cover concrete

The cover concrete usually fails in brittle mode, and sudden compressive crushing at
the surface and then spalling off of small or large pieces of cover concrete are observed,
whereas damage to core concrete confined by hoops is progressive. In most RC beams or
columns, since the ratio of the depth of cover concrete to the effective depth in a section is
very small, cover concrete is usually neglected in the estimation of the strength capacity of
RC members. In addition, few studies have examined one-dimensional constitutive models
of cover concrete for use in fiber beam elements. However, the cover concrete of cast-
in-place RC piles is relatively thick because these piles are constructed in the ground and
have a larger uncertainty of execution. The modeling of cover concrete greatly influences
numerical results for cast-in-place RC piles.

Thus, we do not expect any confined effect in the determination of the material param-
eters in the constitutive model of cover concrete, whereas the mathematical expression of the
constitutive model of cover concrete is the same as that of confined concrete. We will give
the stress and strain at the maximum compressive stress point CC as follows: the maximum
stress is assumed to be equal to the value obtained in a standard element test, and the corre-
sponding strain is assumed to be 0.002, in other words, these values are derived using Egs.
(2.1) and (2.2), respectively, with p, = 0. The estimation of the values of the descending
gradients of the skeleton curve is important but very difficult. Consequently, these values

will also be examined through parametric simulations of an experiment involving the type-1
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pile specimen in the following section.

(3) Numerical examples

a) Effect of the constitutive model of longitudinal reinforcement on the
response of piles

First, we examine the effect of the constitutive model of longitudinal reinforcement on
the numerical results of pile behavior. The computational cases are tabulated in Table 2.2.
For the bi-linear model, the initial rigidity Eo and the initial yield strain &, are given by the
material elemeht test results, and 1/10 the Young’s modulus is used as the hardening rigidity
E,. For the Ramberg-Osgood model, the values of E; and &, are also given by the material
clement test results, but the parameters for nonlinearity & and f in Eq. (5.1) are determined
by trial and error via numerical analyses for the experiment of the type-1 pile specimen.
The most suitable values from the prail-and~error analyses are obtained as & = 4 and 8 = 5,
whereas the obtained numerical results are not sensitive to the values of the nonlinearity
parameters @ and § very well. For concrete, in Cases 1 and 2, we neglect the confined effect
on both core and cover concrete and employ the modified Muguruma model of Figure 2.3
with respect to both the skeleton and inner curves, because the purpose in these cases is just
to examine the differences due to the constitutive relations of the reinforcing bar. In other
words, we assume o, = 0 and &, = 0.002. Other parameters are temporarily assumed to
be g = 0.003, oy = 0.50, ey = 0.005, and &, = 0.008, because we are now interested in
only the differences in numerical results due to the differences in the constitutive relations of
the bilinear model and the Ramberg-Osgood model.

We conduct numerical analyses only for the 2 and 36, cycles, because it is not prefer-
able that the softening of concrete largely affects the numerical behavior of pile and, for
other cycles, the softening of concrete could greatly affect the numerical behavior of the

pile. Figures 2.5 and 2.6 depict horizontal load-displacement curves at the loading point
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Table 2.2 Computational cases with respect to the effect of constitutive models of longitu-

dinal reinforcement

Case Types of constitutive rel.  Parameters

1 Bi-linear model E\/Ey =0.1

2 Ramberg-Osgood model a=4,8=15

- ' 1 500f '
- - N r
z g
~— L é
'g or . =, o+ .
= C @
500 &
- : Z -
_— 1 . —500¢ I -
-10 0 10. 0.000 ) 0.010
disp. (mm) strain

Figure 2.5 Horizontal load-displacement curve at the loading point and stress-strain curve
of a typical longitudinal reinforcing bar in the base element (Case 1, bi-linear

model of longitudinal reinforcement, E;/Eq = 0.1)

and stress-strain hystereses of a typical longitudinal reinforcing bar in the base element. The
skeleton curves of the horizontal load-displacement loops of these cases are similar, but the
internal curves are different. The shapes of the internal curves are highly associated with
those of the stress-strain loops of the reinforcement, and the decrease in the gradient of each
unloading path of the load-displacement loops is small in the bi-linear model result compared
with the results for the other model. While the bi-linear model has a constant rigidity of inter-
nal curves, the Ramberg-Osgood model comprises smooth internal stress-strain curves, and
correspondingly, smoother unloading paths and reduction in rigidities in unloading paths of
the load-displacement lobps are achieved.

As a result, a constitutive model with a smooth curve in the unloading rule is more
appropriate for numerical analyses with respect to RC members subjected to cyclic loading

when we employ the fiber model for RC members, because the degradation of unloading
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Figure 2.6 Horizontal load-displacement loop at the loading point and stress-strain loop of
a typical longitudinal reinforcing bar in the base element (Case 2, Ramberg-

Osgood model of longitudinal reinforcement)

gradient in the load-displacement curve is commonly observed in RC members.

b) Effect of concrete softening parameters on the response of piles and

the limit of the ability of typical models

Next, we examine how the softening of concrete affects the numerical behavior of RC
members under the condition that the values of parameters of the Ramberg-Osgood model for
reinforcement are maintained. The loading is monotonic to one-direction in the numerical
analyses here (i.e. pushover analysis). The parametérs of the Ramberg-Osgood model are
set as follows: initial rigidity Eo and initial yield strain &, are determined by the values of
material element test results, and the nonlinearity parameters @ and § are again set as 4 and
5, respectively. |

Initially, in this calculation, the concrete parameters are given as shown in Table 2.3,
where the first and second descending gradients indicate the gradients of the CC-U branch
and U-L branch in Figure 2.4, respectively. Eqe indicates the first descending gradient
yielded by Eq. (2.4). The second descending gradient is given as half of Eges, indicating
a more gentle gradient, since confined concrete generally has good toughness and the load
resistance capacity is not reduced significantly, even under large axial strain of greater than

3-5%, as demonstrated in the experiments conducted by e.g. Hoshikuma et al.”> and Mander
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Table 2.3 Computational cases with respect to the effect of the compressive softening be-

havior of concrete. (The same values are used in both cover and core concrete.)

Case First descending gradient (CC-U) Second descending gradient (U-L)

3 Eges 0.5Eges
4 E des Eges
5  05En, 0.5E s
6 2F ges 2Ees

et al.”® In Cases 3 and 4, we consider two different second descending gradients. Moreover,
in Cases 5 and 6, we deal with two different first descending gradients from the normal E e
in order to ascertain variations of pile behavior depending on the first descending gradient.
For Cases 3 through to 6, the parameters for cover concrete and core concrete are set equal
for the sake of simplicity.

Figure 2.7 shows the results of the pushover analyses. The load-displacement curves
coincide with each other up to 10 mm. The maximum strength and the corresponding dis-
placement increase as the gradients of softening parameters of concrete become milder. This
is due to the difference in collapse strains of cover concrete. Moreover, the degree of reduc-
tion of load in postpeak is proportional to the values of the softening parameters of concrete.
However, while the experiment exhibits noteworthy load-resistance reductions at 6 and 78,
after the peak strength, and the resistance is stable between 7 and 106, the numerical results
do not show such a tendency. Case 3 shows a tendency that is somewhat similar, due to the
dual-stage softening behavior of concrete.

In order to improve on this, we distinguish unconfined cover concrete from confined
core concrete in setting the constitutive parameters. Three cases listed in Table 2.4 are tested.
Only Case 7 includes a dual-stage descending curve in the concrete constitutive relation. In -
Figure 2.4 of the core concrete, the values of o, and &, at the maximum strength point

CC are obtained using Eqgs. (2.1) and (2.2). The first descending gradient Eq4 in each case
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Figure 2.7 Horizontal load-displacement relationship at the loading point (Cases 3, 4, 5,

and 6)

Table 2.4 Computational cases for various concrete behaviors (The confined effect is ne-

glected on cover concrete.)

Cover concrete Core concrete
Case
e (MN/m?) | &, | Descending gradient || o (MN/m?) | &, | Descending gradient
7 27.1 0.002 | 1.5Eges — 0.75Eges 36.5 0.005 Eges — 0.5Eges
8 271 0.002 1.5E ges 36.5 0.005 Eges
9 27.1 0.002 2E ges 36.5 0.005 Ejes

is yielded by Eq. (2.4). The second descending gradient is gentler than the first descending

gradient in Case 7. Cases 8 and 9 have single-stage descending gradients in the softening

region. Cases 8 and 9 facilitate observation of the effects due to the different softening

parameters for core concrete and cover concrete.

For the maximum strength point of cover concrete, the compression strength o is the

same as that obtained by the material element test, and the corresponding strain & is given

as the first term of Eq. (2.4) with no consideration of the confined effect. The values of the

descending gradient are assumed to be of two cases, 1.5 times and 2.0 times as steep as Eqes

of the core concrete. However, no effective strategy is available for the determination of the
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Figure 2.8 Horizontal load-displacement relationship at the loading point (Cases 7, 8, and

9)

descending gradient of unconfined concrete.

Presented in Figure 2.8 are the results of pushover analyses with respect to horizontal
load versus horizontal displacement relationships at the loading point, and the black circles
in Figure 2.8 show the experimental results for the horizontal loads and displacements at
each nd,. The distinction between cover and core concrete in the setting of the parameters
of constitutive relation brings about a sudden decrease in the load after the peak strength
and the subsequent load held compared with Figure 2.7. In addition, the prediction of load-
displacement relationships is quite good up to 106, (35.7 mm). Ultimately, we can state that
softening parameters of concrete affect predictions about the maximum strength point and
degree of postpeak reduction of a pile and that it is better to set the values of the parameters
of constitutive relation of confined concrete and unconfined concrete separately. As a resul,
herein, Case 7 is considered to be the standard setting for concrete parameters.

However, several problems appear. In particular, the numerical results continue to
retain the horizontal resistance capacity and do not demonstrate its rapid loss after 100,
(35.7 mm). The numerical simulations cannot predict the rapid loss of horizontal resistance
capacity because the swelling of reinforcement, which is observed in the experiment, is

not taken into account in the numerical models used herein. Swelling of reinforcement is
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Figure 2.9 A typical damage process in RC piles

commonlﬁl observed in postpeak behavior of RC members subjected to cyclic lateral loads,
and swelled reinforcement causes tensile resistance reduction of longitudinal reinforcement
rather than the straight state and plays a crucial role in the loss of effective section modulus
of RC members.

A typical collapse process of RC menibers subjected to cyclic bending deformation is
illustrated in Figure 2.9. Before reaching the peak bending strength, the condition of sec-
tional force can be modeled as (a) in Figure 2.9, where M is the sectional bending moment,
T is the tensile force carried by reinforcement, and C is the compression force carried by
concrete. The compressive damage to the concrete occurs from the edge of the section, and
the distribution of the compressive force carried by the concrete is shifted inward, as shown
in (b) of Figure 2.9, and then the moment arm is shortened. On the other hand, well-confined
core concrete has usually a large ductility. Accordingly, the degradation of bending moment
capacity is mild.

Reinforcement swelling occurs following the compressive collapse of the concrete
around the reinforcement, and the tensile force carried by the swelled reinforcement de-
creases beyond that carried by the non-swelled reinforcement, as illustrated in (c) of Figure
2.9. The reduction in tensile strength of the reinforcement is a critical factor in the loss of
bending capacity, and as a result, sudden and rapid bending capacity loss emerges.

Using fiber models, we generally consider this shortening phenomenon to be due to
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compressive concrete collapse; However, an essential limit exists for conventional models
that do not consider the effects of swelling of reinforcements in predicting the postpeak be-
havior of RC members. A pile foundation usually consists of a pile-group. Accordingly, the
limit states of a pile foundation system cannot be assessed without predicting the postpeak
behavior of each pile composing the foundation system. Therefore, the postpeak prediction
caused by the swelling is the most important problem to be solved.

Needless to say, fractures of the reinforcements lead to strength and deformation ca-
pacity losses in the experiment. However, the failure of longitudinal reinforcements could be
caused by fatigue or localized and accumulated damage due to a large number of cycles of
alternating swelling and tensioning, rather than pure tension. The average strain of reinforce-
ment bars predicted in the simulation is approximately five percent, which is considered to
be smaller than the usual fracture strain observed in element tests. In addition, a high degree
of spalling off of cover concrete was observed in the 136, cycle (46.4 mm cycle), while the
first longitudinal reinforcement failure was observed in 146, cycle (50.0 mm cycle). This is
too early if the first swelling is assumed to develop in 136, cycle. Therefore, it is inferred that
the swelling of longitudinal reinforcement occurred before the 134, cycle in the experiment,
and the first problem to be solved is the effects of swelling of reinforcements.

Another problem is that the numerical results behave more stiffly than as observed in
the experiment before the peak strength points. This may be due to pull-out of longitudinal
reinforcing bars of the pile in the anchored region in the pile cap or to inhomogeneous tensile
strain distributions in longitudinal reinforcing bars of the pile on a micro-scopic scale caused
by distributed cracks in the cover concrete. The latter may lead to a reduction in average
initial yield strain in the longitudinal reinforcement bars.?”»?®) However, we decided to con-
centrate on the postpeak behavior and ultimate limit state of cast-in-place piles in the present

study.
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(4) Concluding Remarks

Based on the parametric simulations herein, the fiber model is a powerful tool for
modeling the nonlinear behavior of RC members, including cast-in-place RC piles. The
typical constitutive models of reinforcement and concrete can trace the ductile behavior of
cast-in-place RC piles, but cannot predict the ultimate limit state of piles, in other words,
the beginning of rapid reduction of the lateral capacity of piles cannot be predicted and
simulation of the postpeak behavior is not possible. Based on previous experiments on RC
members subjected to lateral cyclic loads and past seismic damage case histories of RC
members, the reinforcement swells to the outside of the section soon after drop-away of the
cover concrete, and ultimately this causes a decrease in the tension stress sharing ability of
the reinforcement. Therefore, we conclude that the swelling of reinforcing bars must be

modeled in order to predict the postpeak behavior of cast-in-place RC piles.
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3. Modeling of Cast-in-place RC Piles Using
Fiber Elements Considering Reinforcement

Swelling

Although the process of reinforcement swelling and the decrease in the bending resistance
of piles could be simulated by a three-dimensional modeling of the pile itself, this is cumber-
some. We herein propose a uniaxial constitutive relation of a reinforcement bar considering
both swelling and the setting of the fiber element length when api)lying the proposed model

in fiber elements.

(1) Proposal of a Constitutive Model of Longitudinal Rein-

forcement and a Length of Fiber Element

a) Constitutive model without reinforcement swelling

We employ the Menegotto-Pinto model?»2” as a constitutive model for the longitu-
dinal reinforcement, as proposed for the reinforcing bars in RC members subject to cyclic
loading. The Menegotto-Pinto model is specified as a bi-linear curve with initial rigidity
E, and hardening rigidity E;, plﬁs a series of asymptotic curves representing these bi-linear

relations as shown in Figure 3.1. These are given by

v, (=D
o =be" + m 3.1
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where o is stress; € is strain; (o, &,) is the last strain reversal point, and (o, &) is the
intersection of the two envelopes when unloading and loading occurs from point (o7, &), as
illustrated in Figure 3.1. Parameter b is a hardening ratio defined by the initial rigidity Eo

and the hardening rigidity E; as follows:
b=E,/E. (3.3)

Parameter R represents the deviation of a stress-strain branch from the bi-linear curve and is

defined as

aé ‘
=R, — 4
R=Ry oy (3.4)

where Ry, a;, and a, can be regarded as material constants, and Ry is the value of R at initial
yield. We herein use the values of Ry, a;, and a, used in the numerical analysis of an RC
pier by Ristic et al.,?¥ because no experimental data by which to determine these material
parameters is available, where b = 0.02, Ry = 20, a; = 18.5, and a, = 0.15. The parameter &
is defined as

£=leo—&/l/ey = leo — e/, | (3.5)

where &,” represents the preceding maximum or minimum strain reversal point with respect
to (¢, 7). This parameter represents the absolute value of plastic strain developed from
(o, &) to (o, &), and is updated at every unloading and loading step, where o, is the

corresponding stress to &,’. In Figure 3.1, we use
s=o/oy, e=gley, (3.6)

where o, and &, are the initial yield stress and strain, respectively. In the application of Eqgs.
(3.4) and (3.5), if partial unloading and reloading occurs, we calculate the value of £ using
the strain reversal points during the unloading and reloading branch. Note that the value of ¢

for the path following the first strain reversal is estimated as illustrated as & in Figure 3.1.
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Figure 3.1 Menegotto-Pinto model

b) Criteria for initial swelling

There exist some interactions between reinforcement swelling and the collapse of the
cover concrete. For example, Suda et al.”*® have generalized the mechanism of the initia-
tion of reinforcement swelling and have proposed a criterion for the appearance of swelling
considering such an interaction.

However, the results of existing loading tests on model cast-in-place RC piles®>>30
suggest that the cover concrete is either crushed or falls apart when the capacity of the piles
begins to decrease significantly owing to bending. Therefore, we consider the use of a simple
assumption, whereby the reinforcement swelling does not occur until the cover concrete at
the position of the reinforcement bar collapses, to be appropriate. Specifically, swelling of a

reinforcement bar becomes possible if the following conditions are satisfied consecutively:

1. the reinforcement bar strain must exceed the compressive failure strain of the cover

concrete,
2. the reinforcement bar must then undergo unloading (and tensile loading), and
3. the reinforcement bar must once again undergo compressive loading.

That is, swelling of reinforcement is never initiated under monotonic loading.
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¢) Constitutive model for swelled reinforcement bars and length of fiber
elements with swelled reinforcement

In piles subject to cyclic bending loads, when the axial fiber stress of longitudinal rein-
forcing bars reverses to compression after undergoing tension yielding, the reinforcing bars
are no longer compressed along a straight line because the residual curvature of the rein-
forcing bars remains during the tension yielding process. Consequently, the accumulation
of residual curvature can be considered to cause swelling of the longitudinal reinforcement
bars. In addition, the swelled reinforcement bars behave as plastic buckled reinforcement
bars. In addition, as has already been clarified via the numerical analyses in the previous
chapter, the skeleton curve of the constitutive relation of rcinforcement bars affects the en-
velop of load-displacement loops of piles and the definition of the internal curves thereof
affects the form of horizontal load-displacement loop of piles. Thus, in order to trace the
postpeak region of the horizontal load-displacement relationship of RC beams, the present

study involves the following two factors:

e The reduction in compressive fiber stress of a longitudinal reinforcement bar caused by
the swelling is modeled as plastic buckling behavior of the longitudinal reinforcement

bar.

e The reinforcement behavior in tension after compressive swelled deformation is con-
sidered so that the tension resistance of the reinforcement and the effective bending

rigidity of the pile will not be overestimated.

However, the softening type constitutive relations show a mesh dependency in the finite

element results. Accordingly, in the present model,

e A characteristic length is introduced into the modeling of the constitutive relation in

which the swelling effect is taken into account.

Figure 3.2 illustrates the proposed constitutive model taking swelling into account.

This model consists of two parts, the Menegotto-Pinto model without swelling (curve ABC),
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Figure 3.2 Constitutive model including the swelling effect of reinforcement bars

and a load-displacement curve indicated by PQBR, in which a longitudinal reinforcing bar
buckles plastically at point ‘Q’. The abscissa of this figure is the averaged strain over the
characteristic buckling length, which depends on the arrangement of reinforcements in each
pile.

Curve PQBR is assumed to be derived by plastic buckling analyses of a longitudinal
reinforcing bar supported by hoop bars and core concrete in two dimensions, as is shown in
Figure 3.3. F and u in Figure 3.3 denote the vertical load and displacement at the loading
point, respectively. The hoop resistance is modeled by a series of discrete springs with a
spacing equal to that of adjacent hoops, while the core concrete is replaced by uniformly
distributed elastic springs. Note that the resistance of the latter springs is non-zero only
when the displacement of the longitudinal reinforcement is toward the core concrete side.
Horizontal and vertical displacement and rotation at the bottom are fixed, and horizontal
displacement and rotation at the top are also fixed. Details of the use of this model will be
given in Section (2) together with the results of the plastic buckling analysis.

It is easily imagined that plastic buckling behavior will depend on the model length
of the reinforcement analyzed. Suda et al.,”*® for example, have suggested a method for

correctly estimating the plastic buckling length, in which the elastic buckling of a bar on an
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Figure 3.3 Numerical analysis of plastic buckling of reinforcement bar (for case L = 4s)

elastic foundation is employed, but the corresponding flexural rigidity is modified step-by-
step depending on the degree of development of the plastic region under a certain loading.

In cohtrast, we herein propose a new method that is more suitable for practical im-
plementation. First, we perform several cases of numerical plastic buckling analysis on
reinforcement bars of lengths L = ms, where m is an integer to be controlled and s is the
spacing between two adjacent hoops. Then we determine the critical mo. That is, the char-
acteristic plastic buckling length Ly = myos at which the most drastic decrease in load is
observed after initiation of plastic buckling among many trials with different m’s. It should
be noted that there exist (m — 1) sets of springs representing hoops;for a bar of length L = ms.
Dividing the obtained load F by the cross sectional area of the reinforcing bar and also di-
viding the displacement u by the characteristic plastic buckling length L, = mos‘, we obtain
the averaged stress-strain relation. Finally, this averaged stress-strain relationship is used to
express the compressive branch of the stress-strain relation curve PQBR in Figure 3.2 by
referring to the method employed by Gomes and Appleton.!) Point ‘P’ is the point at which
the elastic unloading path of rigidity Ey from the maximum tensile strain point ‘A’ in the

history at that time crosses the zero stress level. Note that, in the analyses of pile behavior
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presented hereinafter, we will assume piecewise linear load-displacement relationships for
buckled longitudinal reinforcement and interpolate the discretized load-displacement data
obtained from numerical analysis of plastic buckling of the reinforcing bar.

Swelling is assumed to occur when compressive stress o, derived from the Menegotto-
Pinto model and o7, obtained from the curve PQBR become coincident at a certain strain
level. Thus, the stress-strain response is chosen as curve B-R not B-C as in the Menegotto-
Pinto model.

When strain reverses after the post-buckling branch and expansion occurs, the stress
and strain response begins to tend toward the maximum tensile strain point up until that
time. This implies that the tensile resistance of longitudinal reinforcement bars that have
experienced swelling under compression is smaller than in the state without any swelling, as
indicated in Figure 3.4. We set the value of E, to E’, which is the instantaneous modulus
between ‘R’ and ‘A’ (i.e. between the strain reversal point in the compression branch and the
maximum tensile strain point up until that time), and the curvature parameter is set to R = Ry
in the Menegotto-Pinto model. A comparison of the averaged stress-strain hystereses given
by the model proposed herein and a 2-dimensional finite element analysis for a reinforcing
bar subjected to reversed cyclic axial loading is presented in Appendix A.

The length of the fiber element to which the proposed constitutive model is applied

must be made equal to the characteristic plastic buckling length Ly, as used in the setting of
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the curve PQBR. This is because we want to reflect the physical phenomena onto the element
length through averaging the deformation within the element.

From the results of past experimental research,4)'5)’3°)r we can expect the length of the
swelled portion of the reinforcement in standard arrangements to be equal to approximately
one half the diameter of pile. Based on these results, axial extension and compression will
not occur simultaneously in one particular fiber of an element as long as the element length is
of the same order, so the proposed method is considered to be applicable. Since, in general,
real piles are in practice approximately ten diameters in length or more, sufficient accuracy
is possible from the viewpoint of convergence in the FEM analysis. Note that it is possible
to apply the proposed model to any constitutive model as long as it is described within the

framework of deformation theory.

d) Some comments for constitutive models of concrete

Since the constitutive relation of concrete considered in this study also includes soft-
ening, a similar treatment needs to be applied to the constitutive relation of concrete in order
to avoid mesh size dependency in finite element results. Although there are many reports on
this subject, there is no well-established method of solving this problem.'?

In addition, most constitutive relations of confined concrete are based on averaged
longitudinal stress-strain relationships observed in uniaxial compression tests. Let us con-
sider that, in uniaxial compression tests, localized deformation zones are formulated in the
test specimens as illustrated in Figure 3.5. We assume the test specimens to be identical
without the overall lengths and the lengths of the damaged regions to be same. In typical -
element tests, the axial strain is estimated by use of the longitudinal displacement at the end
and the overall length length of the specimen. In such cases, the averaged axial strains over
the specimens become different, although the energy absorptions by plastic deformation are
considered to be equivalent in both the specimens. In other words, there is no objective mea-
surement of the averaged strain of softening concrete specimens. The present study deals

with the postpeak behavior up to the loss of strength, and the determination of softening
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concrete resistance curve is significant.

One of the ideas to resolve this problem is to introduce a concept of control volume.
The stress-strain relation averaged using a length should be applied in the elements whose
lengths are longer than the length used in averaging. Many constitutive relations have been
proposed based on specimens of approximately 20 to 30 cm in height. The parameters of
the concrete constitutive relation determined in the previous section are also based on the
fixed fiber element length of 15 cm. Therefore, it is considered that the constitutive relation
proposed in the present study can be applied as long as we set the fiber element lengths to
approximately 15 cm or more, and we here employ the model proposed by Hoshikuma et al.
Note that the swelling length of longitudinal reinforcing bar can usually be assumed to be
approximately 45 cm in the usual arrangements of reinforcements of cast-in-place RC piles.

For example, in the pile foundation examined in Chapter 5.
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(2) Plastic Buckling Analysis of Reinforcing Bar

a) Numerical model for plastic buckling analysis

Next, we carry out a series of plastic buckling analyses of reinforcing bars constrained
by core concrete and hoops, as illustrated in Figure 3.3. The 2D finite element method
is employed within a framework of finite displacement. A reinforcing bar is expressed by
a group of fiber elements; that is, the cross section is divided into a number of layer-like
elements.

We adopt the Menegotto-Pinto model as the constitutive model for each fiber of a re-
inforcing bar. Although it would be possible to use other models, rather than the Menegotto-
Pinto model which was originally developed for the analysis of RC members subject to cyclic
load, for consistency of analysis, we employ the model used for the analysis of the behavior
of cast-in-place RC piles, as mentioned later. The spring constant of the spring represent-
ing the hoﬁp resistance is obtained through a series of separate finite element analyses of an
arch model subjected to a normal force at the top, as shown in Figure 3.3. In this model,
the arch consists of a hoop reinforcement with both ends fixed and an open angle of 90 de-
grees. The distributed spring used to model the resistance of the core concrete does not resist
tensile force, and the compressive spring constant is simply set large enough to prevent the
longitudinal reinforcement from penetrating into the core concrete. |

The reinforcing bar is divided into ten elements in the longitudinal direction, and the
cross section is modeled by 50 layers. A distributed concrete spring is located at each node.
Finally, a small imperfection is intfoduced into the coordinate of longitudinal reinforcing bar
nodes without the end nodes in order to model residual curvature caused by bending-tension
deformation along with bending loading of the pile. As a result, buckling can be triggered

easily.
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b) Determination of plastic buckling length of reinforcement bar

'Two model cast-in-place RC piles are examined. These have been the subject of ex-
periments where the behavior of piles subject to lateral cyclic loading was examined. One
pile is a type-1 pile specimen as presented in Chapter 2 (1) and the other is summarized in
Figure 3.17. We refer to the latter pile as the type-2 pile specimen. Material constants and
parameters for the Menegotto-Pinto model are chosen to be identical to those employed in
the numerical analysis described in Figure 2.1 and Table 2.1 in Chapter 2 (1), and Figure
3.17 and Table 3.2 in Section (3) b) of this chapter.

First, assuming that the hoops never yield, we obtain spring constants k, which repre-
sent the hoop resistance by finite element analysis of the arch model shown in Figure 3.3.
The value of k, for the type-1 pile specimen is 1.7 MN/m, and 19.0 MN/m for the type-2
specimen. The spring constant 6f the distributed spring representing the core concrete must
be sufficiently rigid and is set at 9.8 GN/m?. As explained in Section (1) c), plastic buckling
analysis of reinforcing bars of length L = ms with various values of m is performed in order
to determine the critical value m = m, which leads to the most unstable load-displacement
history.

As for the type-1 pile, six cases, denoted as m = 1, 2, ... 6 are analyzed. Figure 3.6
illustrates the initial states as dashed lines, and the corresponding deformed configurations
at an average strain of 5% is shown by solid lines. The average strain is defined by the
longitudinal displacement at the loading point per length L. The scale of each figure is also
normalized by the length L. The springs are shown schematically in their figures, with both
the initial and deformed states shown. The springs do not resist displacement of reinforcing
bars in the longitudinal direction. The deformed configurations suggest that the buckling
mode when L = 55 and 6 is the same as when L = 3s.

Figure 3.7 shows the relationship between vertical load and displacement normalized
by buckling mode in order to estimate the load-displacement relationship for each buckling
mode. In all cases, buckling occurs immediately after initial yielding of the material.

Then, as can be expected from the buckled shape, the results for cases L = 3s, 55, and
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Figure 3.8 Normalized load-displacement relationship and plastic buckling deformation for

case L = 3s (type-2 pile specimen)

6s are similar and show a most significant decrease in load-carrying capacity. The length
of the swelled portion of the longitudinal reinforcement bars observed in the experiments
shown in Photo 2.1 is approximately 3s (120 mm), which agrees well with the most unstable
response obtained in this series of buckling analyses.

Similar results are obtained for the type-2 pile, as summarized in Figure 3.8. The
deformation configuration when L = 3s is also shown in this figure. In comparison with
the experimental results in Photo 3.2, the shape of the swelling when L = 3s (375 mm)
coincides well with the experimental observations. The buckling mode at L = Ss is also
the same as that at L = 3s. Although there are differences in reinforcement arrangements
between the type-1 and type-2 pile specimens, the buckled shapes corresponding to the most
drastic decrease in the load-displacement curve are more or less the same as that observed
experimentally.

These results indicate that plastic buckling is initiated by the loss of bending stiffness
due to plasticization of the cross section, and that the buckling load is independent of length
L. On the other hand, the buckling mode and post-buckling behavior depend on length L.
However, comparison with experimental results for real piles shows that the actual swelling

phenomena are strongly governed by the buckling mode, where the most drastic decrease in
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the load-displacement curve occurs.

c) Differences in reinforcement bar behavior due to variations in hoop
resistance spring rigidity

Although it is assumed in the plastic buckling analysis above that the hbop reinforce-
ment remains elastic, it can also be imagined that the hoop reinforcement may yield if the
horizontal swelling deformation of the reinforcement may become excessive. In order to
examine such a possibility and the sensitivity to the plaStic buckling behavior of longitudinal
reinforcement bars, we attempt to analyze the response for three different definitions of the

springs representing the hoop resistance, with the length to be analyzed fixed at L = 3s:
e an elastic spring (as in Section b)),

e an elastic and perfectly-rigid plastic (e-p) spring having a yield point defined by the

state at which the outermost fiber of the arch model of the hoop yields first, and

e an equivalent linear spring with spring constant ky,, which is the secant modulus of a
~ spring at the point at which the longitudinal reinforcement undergoes vertical compres-
sive deformation at 0.1L in the plastic buckling analysis with the elastic-perfect plastic
springs. In this case, eventually, ks, = ks/3 in the case of the type-1 pile specimen,

whereas kg, = ky/1.4 in the type-2 pile,

where it is supposed that the spring constants of the equivalent linear spring become so small
that the results of the assessment of the performance of piles will err on the side of safety.
In this analysis for length L = 3s, only two springs for the hoops are included and arranged
symmetrically with respect to the central node in the longitudinal direction of the reinforcing
bar. Therefore, both the springs deform quite similarly throughout the numerical analysis of
plastic buckling. -

Figure 3.9 shows the results for the reinforcement in the type-1 and type-2 pile spec-
imens. In the type-1 case, the three models of the hoops yield completely different post-

buckling behavior. The influence of the load-displacement curve model of the buckled lon-
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Figure 3.9 Difference in normalized load-displacement relationship caused by different

spring constants for hoop resistance (type-1 and type-2 pile specimens, L = 3s)

gitudinal reinforcement on the behavior of the pile will be examined in the next section.
On the other hand, the type-2 case exhibits no apparent difference due to the choice of hoop
model. Other characteristics of post-buckling behavior of longitudinal reinforcement bar that
depend on the hardening ratio, for example, have also been elucidated. A detailed discussion

of such examinations is presented in Appendix B.

(3) Numerical Analysis of Cast-In-Place RC Pile Specimens
Subjected to Reversed Cyclic Load

In order to verify the validity of the proposed model, experimental results obtained
for cast-in-place RC piles subjected to cyclic loading will be numerically simulated using
the proposed model. The results of experiments in which swelling of the reinforcing bars
occurred due to bending are examined. The scale of the model specimens tested is suffi-
ciently large compared to actual piles, and the specimens contain almost the same ratio of
longitudinal reinforcement and volumetric ratio of lateral reinforcement as actual piles.

We use a two-dimensional finite element method within the framework of infinitesimal

displacement theory. Each longitudinal reinforcing bar in a pile is modeled by a single fiber
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element. Aside from the reinforcement, the cross section of a pile is first divided into 50

layers and then each layer is subdivided again into fibers of core concrete and cover concrete.

a) Experiment on the type-1 pile specimen subject to horizontal re-
versed cyclic load with a constant axial load

Numerical analysis model

We model the specimen as a cantilever beam in which the fixed end represents the pile
cap. An element length of 3s (120 mm) is chosen because this is the smallest size which
results in an unstable load-displacement relation among those tested in the plastic buckling
analysis in section (2) b) of this chapter.

In order to check the effects of various types of post-buckling behavior of the reinforce-
ment arising from differences in the spring representing the hoop resistance on predicted pile
behavior, two averaged stress-strain relations of the plastic buckled reinforcement in Figure
3.9 (a) are tested. One relation is obtained using the equivalent linear spring, and the other is
obtained using an elastic and perfectly-plastic spring. The cross-sectional area of a longitu-
dinal reinforcement bar is as given in the JIS code, and the necessary material parameters are
determined by element tests. However, since the hardening ratio b of the Menegotto-Pinto
model is unavailable, it is assumed to be one-hundredth of the initial (elastic) rigidity, which
is obtained from a standard tensile test of the longitudinal reinforcement in a type-2 pile
specimen (SD345).

Since it is difficult to choose appropriate material parameters for the decreasing gra-
dient of the concrete stress-strain relation, we use the parameters derived in Chapter 2 (3)
b). Some problems may occur due to the chosen constitutive concrete relation, as discussed
before, because the difference in element lengths between that used in the numerical exami-
nation here and in the simulation in Chapter 2 (3) b) is approximately 20%.

Loading in the numerical simulation also begins with application of a vertical load of

147 kN at the topyof the pile. Then the horizontal cyclic displacement history is applied.
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Figure 3.10 Horizontal load-displacement hysteresis at the loading point (type-1 pile spec-

imen)

Numerical results and discussion

We first discuss the results of a case employing the stress-strain relation of a buckled
ldngitudinal reinforcing bar, obtained by using equivalent linear springs for the hoops. This
case undergoes a sudden decrease in the compressive resistance of the longitudinal reinforce- -
ment after yield, as shown in Figure 3.9 (a). This case is selected to check the feasibi]ity
of the proposed numerical model in predicting softening behavior, because the strength of
the reinforcing bar is reduced immediately after buckling begins and the estimated strength
is lower than that obiained under the assumption of elastic perfectly-plastic springs. The
calculated horizontal load-horizontal displacement history at the loading point is shown in
Figure 3.10 together with the experimental results.

- The numerical analysis overestimates the loads up to the 46, cycle as compared with
the experimental data. After that, swelling of the outer reinforcement begins in the 60, cycle,
resulting in rapid reduction of the load. In the experimental results, this was observed during
the 10 to 136, cycles. However, the outlines of the inner loops of the load-displacement

relationships closely fit the experimental outlines at each cycle nd,.
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the element at the bottom

Figure 3.11 shows the hysteresis loops of the longitudinal stress-strain relation at the
center of a typical outmost reinforcement bar in the element at the bottom. Swelling begins at
the 66, cycle. The peak tensile stress at each step decreases as the pile deformation becomes
greater. This indicates a progressive accumulation of residual swelling deformation and is in
good agreement with experimental observations, as shown in Photo 2.1.

For the sake of comparison, another numerical result of the Menegotto-Pinto model
reinforcement without swelling is illustrated in Figure 3.12. This model is referred to as the
conventional model: Note that the element length employed in this reference calculation is
different from the element length used in the present study. The element length employed in
the reference calculation is one half of the diameter of the pile specimen (150 mm), same as
the calculations in Chapter 2. Since the models are identical except for this difference, the
envelope curves obtained in Figures 3.10 and 3.12 are very similar. Furthermore, both calcu-
lated envelopes are larger than the experimental data from cycle 1 through 46,. With respect
to the shape of the envelopes, after the 46, cycle and up to the 104, cycle, the simulations
agree relatively well with the experiments.

However, the conventional model is unable to predict phenomena such as the excessive
decrease in load observed in cycles over 106, in the experiment, and ultimately it overesti-

mates the ultimate strength. Judging from these comparisons, we must conclude that rein-
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Figure 3.12 Horizontal load-displacement hysteresis at the loading point for the case with-

out considering the swelling of reinforcing bars (type-1 pile specimen)

forcement swelling plays a very important role in the deformation history of piles at large
displacements, and particularly the transition to rapid loss of load-carrying capacity and the
shape of the inner loops of the hysteresis response.

Even the proposed model, however, has several problems. For example, the load is
overestimated up to the 44, cycle; and the capacity of the pile rapidly decreases at a much
earlier loading stage (at the 66, cycle) than indicated in the experimental results. These nu-
merical characteristics result from the constitutive law used for the cover concrete, especially
its skeleton curve. Of course, Young’s modulus and the maximum compression strength of
the constitutive model strongly influence both the predicted load at early stages of the load-
ing history and the maximum strength of the pile. Moreover, the descending gradients of
the resistance curves also have an extraordinary effect on the loss of load-carrying capac-
ity, since the collapse of the cover concrete is a necessary condition for the development of
reinforcement swelling.

In the numerical analysis, while the cover concrete fractures at the position of a typical

outermost longitudinal reinforcing bar at the 55, cycle near the base of the pile, the core con-
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crete experiences compressive failure during the 106, cycle. In contrast, in the experiments,
only slight damage is observed on the surface at the 56, cycle, and excessive daniage to the
cover concrete starts after approximately the 126, cycle. Namely, in the numerical analysis,
the initiation of swelling of the outmost reinforcement occurs at the 64, cycle, aé shown in
Figure 3.11, at which the cover concrete provides adequate confinement in the experiments.

Figure 3.13 is a side view of the specimen in schematic form, showing damage to the
fibers obtained numerically after the final 136, cycle. In the two diagrams on the left-hand
side, the areas with hatching indicate portions that experience tension cracks, while black
areas represent concrete in which compressive collapse occurs. In the diagram on the right,
the dotted lines represent the positions of longitudinal reinforcement, the areas with dashed
lines are the yielded zones, and those with solid lines are the swelled sections. Compressive
failure of the concrete and swelling of reinforcement occur only in the bottom elements;
the element length is set at three times the spacing between two adjacent hoops (120 mm).
These characteristics in the longitudinal direction coincide well with those observed in the
experiment, as seen in Photo 2.1. On the other hand, in the cross-sectional direction, concrete
damage progress is quite different in the numerical simulation and the experiment. Photo
2.1 of the experiment shows that the damage does not penetrate across the position of the
outmost reinforcement bars into the éore section, while the numerically obtained damage,
shown in Figure 3.13, expands into the inner region of the core concrete, and, accordingly,
all except the central reinforcing bars buckle. The numerical analysis over-predicts the extent
of damage.

This suggests the need to improve the peak branch with respect to the present concrete
constitutive relation such that it has a sustaining branch like CC-R, as shown in Figure 2.3,
and to modify the softening behavior branch below 0.507.. Cast-in-place RC piles have‘
a larger ratio of cover concrete depth to effective depth of section compared to other RC
members, for example, a pile of 1 m in diameter generally has a cover concrete depth of 15
cm, but a pier of the same diameter has a cover concrete depth of 7 to 9 cm in Japan. As

a result, in numerical analyses of cast-in-place RC piles, the modeling of cover concrete is
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Figure 3.13 Damage state immediately after the final 136, cycle

much important than that in the numerical analyses of other kinds of RC members.

We carry out the numerical simulations of the pile using the different stress-strain curve
of the buckled longitudinal reinforcement which is supported by the elastic and perfectly-
plastic springs for the hoop resistance. However, there is no noticeable difference between
these results, as shown in Figure 3.14, and the size of the discrepancy is no more than a few
percent. This suggests that differences in the nonlinear properties of hoop resistance do not
cause serious variations.

Maekawa et al.”” pointed out that the pull-out effect of longitudinal reinforcement
occurring both at the interface between the pile and the pile cap and in the pile cap affects the
numerical result for this pile experiment based on their recent numerical study. According to
their comparative study, the damage to the pile around the base is overestimated where there
is no consideration of the pull-out effect. Accordingly, another numerical check is performed
for another experiment using the same specimen.

A cyclic pure bending test of a pile specimen of the same pile was also performed by
Kimura et al.*"»*? Shown in Figure 3.15 is an illustrative diagram of the test set up. Two

sections near the ends were fixed by bands and controlled displacement was simultaneously
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Figure 3.14 Difference in numerical results of horizontal load-displacement hysteresis at

loading point depending on hoop spring modeling (type-1 pile specimen)

applied to two sections ﬁear the center through bands such that the uniform bending moment
occurred in the sections between the loading sections. The applied load was reversed cycli-
cally with three cycles in each displacement amplitude, where the displacement amplitude
gradually increases from 16, to né, and 15, was a presumed displacement at the time when a
typical reinforcement bar reaches the yield point. Figure 3.16 shows the load-displacement
curve at a loading section. The load examined in Figure 3.16 is half of the jack load and the
displacement is the averaged value of the measured values at the loading sections. The test
was not completed in the post peak region because of the capacity of the loading equipment.
Photo 3.1 presents the damage state after the experiment. Cracks were widely distributed,
but no severe damage, such as spalling off of cover concrete, was observed.

In this calculation, the element length is 125 mm, because the element length should
accommodate the distance between the loading sections of 1000 mm. This element length
is set to between 120 mm and 150 mm in the simulations of which the results are shown in
Figures 3.12 and 3.13 and Figure 3.14, respectively. Since neither the collapse of cover con-

crete nor reinforcement swelling occurred for this pure bending experiment, the difference
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Photo 3.1 Cracks developed in type-1 pile specimen after the pure bending experiment

in the element length should not cause a noticeable difference in the numerical accuracy.
The result of a standard material element test in this experiment is shown in Table 3.1, and
the plastic buckling analysis of a reinforcement bar with a length of 125 mm is conducted
in order to estimate the uniaxial compfession behavior with reinforcement swelling, where
elasto-plastic type springs are used as the hoop resistance. Both vertical and horizontal dis-
placements are fixed at a particular side, and only the horizontal displacement is fixed at the
opposite side.

The calculated load-displacement curve at a loading point is also shown in Figure 3.16,
together with the experimental result. Good agfeement is observed in the load displacement
curves of numerical and experimental results, whereas the calculated load of 2 and 3 6,
cycles is overestimated as in Figures 3.10 and 3.14. This overestimation is considered to be
caused by the effect of distributed cracks on the evolution of plasticization of the longitudinal
reinforcement bar. Longitudinal reinforcement bars did not develop uniform strength along
the longitudinal direction due to a non-uniform elongation. The calculated damage also
coincides well with the experimental damage. Reinforcement swelling does not occur in
the numerical result either, and only the surface fibers of cover concrete reach the ultimate
compressive strain. The numerical prediction is good compared to that for the experiment
involving the pile cap.

As a consequence, as haé been indicated by Maekawa et al., it is assumed that the

pull-out effect of longitudinal reinforcement bars in the pile cap strongly affects the numer-
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. Table 3.1 Results of material element tests for spp-1 pile specimen corresponding to the

pure bending test

Reinforcement
Yield stress | Young’s modulus
Reinforcement
(N/mm?) (kKN/mm?)
Longitudinal 351.3 185
Hoop 395.5 225
Concrete

Compressive strength | Young’s modulus | Splitting strength
(N/mm?) (kN/mm?) (N/mm?)
28.6 294 2.28

ical prediction of the experiment of this pile specimen with a footing. On the other hand,
the possibility may exist that the pull-out effect would not influence so much in the lateral
behavior of piles having large scale sections, as will be shown later as an example for the
simulation result of type-2 pile specimen. More detailed future research on the modeling
of cover concrete and the pull-out effect from the pile-cap employed in the fiber model is

needed in order to resolve this problem.

b) Experiment on type-2 pile specimen subject to horizontal reversed
cyclic load and varying axial load

Summary of experiment

The type-2 pile specimen chosen for another examination of the proposed model is
the cyclic load test of a model cast-in-place RC pile performed by Tanamura et al3® A
summary of this experiment and the results of standard element tests are shown in Figure
3.17 and Table 3.2, respectively. A specimen of this size can be considered to be a very large

model, since more than 80% of cast—in—placev RC piles used for highway bridges in Japan are
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Figure 3.17 Experiment of type-2 pile specimen

~ either ¢1000 or 1200 in diameter.’¥ Horizontal loading was controlled by displacement,
with the drift angle defined by the ratio of horizontal displacement applied at the loading
point to the shear span, specified as follows: after consecutive cycles at angles of 1/1000 and
1/400, once at each magnitude, the amplitude was gradually increased ten times from 1/200
to 10/200 in steps of 1/200, and three cycles were applied at each magnitude.

One of the most noteworthy features of this experiment is that the pile was also sub-
jected to an axial force which varied according to the horizontal reaction force, as depicted
by the dashed lines in Figure 3.18. This loading condition was employed in order to sim-
ulate the actual loading states observed in grouped pile foundations subjected to horizontal
displacement during earthquakes.

Photo 3.2 shows the damage states visible after the test. The longitudinal reinforce-
ment bars swelled greatly between adjacent hoops, and the hoops swelled to some extent
as well. Figure 3.19 illustrates the horizontal load-horizontal displacement hysteresis at the
loading point. The experimental results can be summarized as follows. The cover concrete
collapsed on the compressive side of the pile at the bottom when the axial force increased in
the compressive direction during the cycle with a drift angle of 2/200. When the displace-
ment was reversed in the same cycle, the longitudinal reinforcing bars yielded as they moved
from compression to tension, and the cover concrete on the opposite side, where the fiber

stress changed from tension to compression, also collapsed simultaneously. Then, during the
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Table 3.2 Results of material element tests of type-2 pile specimen

Reinforcement
Yield stress | Tensile strength | Young’s modulus | Extension
Reinforcement
(N/mm?) (N/mm?) (kN/mm?) (%)
Longitudinal 397 589 195 23.2
Hoop 397 569 189 22.8
Concrete

Age | Compressive strength | Young’s modulus | Splitting strength

(days) (N/mm?) (kN/mm?) (N/mm?)

10 23.7 219 24

2000 T T T T T T

-2000 _

axial load (kN)

o
1

...4000 - L 1 1 1 ]
-800 -400 0 400

horizontal load (kN)

800

Figure 3.18 Pattern of varying axial load (dashed lines); tension is positive. Solid lines

indicate the numerical results.
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Photo 3.2 Damage at bottom of type-2 pile specimen after the experiment (compression

.

side when the pile was subject to compressive axial force)

phase of increasing axial compression, the longitudinal reinforcing bars on the tensile side
of the pile yielded for the first time at the cycle with a drift angle of 4/200. At the cycle
with a drift angle of 6/200, the hoops started to yield. At the last cycle with a drift angle of
10/200, the longitudinal reinforcing bars in tension failed when the axial force changed from

compression to tension.

Numerical analysis model

We model the specimen as a cantilever beam, as in the analysis of the type-1 pile
speéimen. Based on the results of a series of the numerical examinations for plastic buckling
of the reinforcement, the element length is three times larger than the spacing between two
adjacent hoops, as shown in Figure 3.8. The average stress-strain relation for the swelled
reinforcing bars was based on the post-buckling behavior obtained using equivalent linear
springs for the hoop resistance in Figure 3.9 (b). As is shown in Figure 3.9 (b), the post-
buckling behavior of the longitudinal reinforcement in the arrangement in the type-2 pile
specimen does not depend on the mechanical properties of the springs representing the hoop
resistance.

We set the necessary sectional parameters and material parameters for the constitutive

model of longitudinal reinforcement as in the simulation used for the type-1 pile specimen.
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Table 3.3 Concrete material parameters in numerical analysis of type-2 pile specimen

Cover concrete

Tec MN/M?) | & ey er

23.2 0.00200 | 0.00790 | 0.0197

Core concrete

O¢c (NIN/mz) Ecc ey €L

40.7 0.00650 | 0.0220 | 0.0529

The hardening rigidity E; is set at one-hundredth of the initial rigidity (Young’s modulus)
E,y, which is compatible with the order of the gradient between the yield point and the fail-
ure point measured in the material element test. The parameter values for the constitutive
model of the cover concrete are the same as those in the numerical simulation for the type-1

specimen, as shown in Table 3.3.

Numerical results and discussion

In the numerical analysis, the horizontal displace}nent and axial load are input simul-
taneously. Of course, it is recommended that the axial load corresponding to the horizontal
reaction force be input as in the experiment explained in Figure 3.18, but the software used
does not provide a subroutine that makes this possible. We therefore determined the axial
load history by trial and error through parametric numerical analyses with respect to several
cases of axial load history such that the discrepancy is minimized in hystereses of the hori-
zontal reaction force and axial load at each loading point between the mimerical results and
the experimental results. The calculated axial load-horizontal load hysteresis is indicated by
the solid line in Figure 3.18 together with the original setting in the experiment.

The calculated horizontal load-horizontal displacement hysteresis is shown in Figure
3.19. Both the envelope and the loop curves fit well the experimental data. The shapes
of the envelope and loops resulting from the varying axial force are also well simulated,

demonstrating the success of this scheme in taking such experimental variations into account
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Figuré 3.19 Horizontal load-horizontal displacement hysteresis at the loading point (type-2

pile specimen)

in the numerical analysis. However, the load at the final cycle of drift angle is overestimated
in the negative load and displacement region. In the load state with negative hqrizontal
displacements and axial tension force at this cycle, the longitudinal reinforcement fractured
in the experiments. However, since the constitutive model of reinforcement in the numerical
analysis does not include any.failure criteria, such a fracture could never be predicted—so
the load may be overestimated at such times.

Figure 3.20 shows the simulated damage results for the specimen at the cycle with a
drift angle of 10/200. This figure is drawn such that the compressive axial force increases
as the horizontal displacement is applied in the right-hand direction. The predicted pattern
of damage distribution is quite similar to the experimental results and is non-symmetric. Al-
though.the area of damage in the experiment is slightly broader in the longitudinal direction
compared with the numerical results, the patterns of collapse of the cover concrete are iden-
tical in the simulation and experiment, with the concrete being crushed and falling away.
Judging from these results, we conclude that this numerical model can simulate well the
development of progressive damage that is typically observed in experiments, and that the

method of taking into account the effects of variations in axial load is appropriate.
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Figure 3.20 Estimated damage after final cycle

As for the progression of damage within the cross-section at the bottom of the pile, in
the numerical simulation, the cover concrete collapses at the position of an outermost rein-
forcing bar during the cycle with a drift angle of 6/200, and hence swelling of an extreme
longitudinal reinforcement bar begins in the 8/200 cycle of the drift angle. On the other hand,
in the experiment, yielding of a hoop was detected in the cycle with a drift angle of 6/200,
and we can assume the occurrence of great damage to the cover concrete at this time. This
comparison allows us to conclude that the evolution of damage within the section is also pre-
dicted well by the numerical analysis. In other words, accurate simulation of the behavior of
this pile from the elastic reéion to postpeak conditions is possible in this particular analysis,
mainly because damage progress in the cover concrete within the section as well as in the
longitudinal direction is quite well predicted in accordance with the experimental observa-
tions. This indicates again that improvements in the modeling of the cover concrete are one
of the most important problems to be solved, as mentioned in the discussion of numerical
analysis results for the type-1 pile specimen.

In seismic design of foundations, the residual rotation angle after an earthquake is an-

other important problem in reuse, and, for the pile foundation, the rotation angle is due to
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Figure 3.21 Histories of axial load, axial displacement, and horizontal displacement at the
loading point: tension is positive for both axial load and displacement (type-2

pile specimen).

both bending deformation and axial displacement at the pile top of each pile. Furthermore,
the axial displacement at the pile top is due to both the plastic deformation of each pile body,
such as compressive failure of concrete and swelling of the reinforcement, and the bearing
property of the ground. The proposed modeling can essentially estimate the elastoplastic
axial extension-compression deformation of piles for the plastic deformation of pile bodies.
However, this is not possible when using beam elements with the moment-curvature model.
Figure 3.21 compares histories of the axial load, axial displacement, and horizontal dis-
placement at the point of load application between the experiment and the simulation, where
the abscissa indicates the number of measurement steps during the experiment. Figure 3.22
also shows their hysteresis loops. The simulation can estimate the increase in the extension

along with the increase in the horizontal displacement with the tension axial load, similar to
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Figure 3.22 Hystereses of axial load, axial displacement, and horizontal displacement at the
loading point: tension is positive for both axial load and displacement (type-2

pile specimen).

the experimental result. However, when we emphasize the values of the axial displacement
at —1117 kN of the axial load in the unloading paths, which corresponds to zero horizontal
load as stipulated in Figure 3.18, the residual extensions in the experiment increase as the
loading progresses, while the numerical analysis cannot predict such accumulating behavior.
Whereas the finite element model used here does not include a special element to model the
connection between pile and pile cap, in the experiment, plastic strain may occur in the rein-
forcement in the anchored region in the pile cap due to large tensile stress. Consequently, we
should attempt to obtain data on the strain distribution of reinforcement bars in the anchored

region in the pile cap in order to estimate the axial tension displacement of piles.

(4) Concluding Remarks

Based on the numerical results obtained in these two verification experiments, we con-

clude that the proposed model is able to estimate the mechanical properties of cast-in-place
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RC piles to a moderate degree of accuracy, regardless of the pile details. The proposed
method is a powerful tool by which to trace the seismic collapse behavior of such piles from
the elastic to the postpeak states consistently. Further studies are necessary in order to im-
prove the accuracy of the numerical simulations, and certain points related to the proper
criteria for reinforcing bar swelling must be elaborated. In particular, a more suitable stress-
strain relation for the cover concrete must be modeled so that the sustaining branch path of
maximum compressive stress and the diminishing gradients can be appropriately and quan-

titatively represented.
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4. Improvement in the Ductility Characteristic
of the RC Pile in Soil Due to the Lateral

Confinement Effect by Earth Pressures

It is of importance to investigate the lateral strength and ductility capacities of piles in order
to establish a ductility design method of pile foundations. Many experimental results show
that compressive collapse of cover concrete and reinforcement swelling play an important
role in the collapse behavior of RC piles subjected to cyclic lateral loads, including cast-in-
place RC piles and prestressed concrete piles. For example, the Japanese Specifications for
Highway Bridges® recommends a limit value of system displacement ductility factor of 4
for pile fouﬁdations of highway bridges, based on cyclic load tests of single piles and some
pile-groups,®> as mentioned in the intfoduction. Such experimental results of RC piles,
including cast-in-place ones and prestressed concrete piles, were obtained in air, because it is
difficult to perform a direct observation of collapse process in piles under ground. However,
under the ground surface, earth pressures from surrounding soils are expected to provide
lateral confinement to the cover concrete of the pile and to improve the ductility of the pile.
“In previous chapters, a modeling method of RC piles which can trace the behavior of a
pile from elastic to postpeak using fiber elements. We simulate a collapse process observed
in an experiment of model cast-in-place RC pile embedded in loose sand and subjected to a

lateral reversed cyclic load at the top.
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Figure 4.1 Test setup (unit: mm)
(1) Examined experiment

The experiment discussed herein was performed by Kimura et al.’"3? Figure 4.1
illustrates the set up of experiment. The test soil deposit was made of Kashima sand in a deep
test pit at the Foundation Engineering Laboratory of the Public Works Research Institute.
The deep test pit has a length of 4 m and a width of 3 m in plan view, and is 11 m deep.

The sand was loose and saturated. The constructed soil deposit has the average rela-
tive density D, of 17.3% and the average dry unit mass of the soil deposits estimated from
core-cutter samples 0f 1.51 t/m?, respectively. During the experiment, the water level was
maintained at the ground surface level.

The unit mass of the soil particles was 2.64 t/m?, and the maximum and minimum
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Table 4.1 Strength data with respect to consolidation stress for the Kashima sand of D, =

30%

o’ (kN/m?) | 0.3 x98 | 0.5x98 | 0.7 x 98
¢’ (deg.) 39 36 35

(1 kgf/cm? = 98 kN/m?)

dry unit masses are pymax = 1.79 t/m> and pgmin = 1.50 t/m3, respectively. The sand was
composed of 1.8% gravel, 97.4% sand, 0.8% silt, 0% clay, and the coefficient of uniformity
U, is 2.66, and the median grain size Ds is 0.67 mm. Drained triaxial compression tests were
conducted at several magnitudes of the consolidation stress o, and the relative densities D,
in order to determine the internal friction angles. Estimated internal friction angles with
respect to consolidation stress at D, = 30% (p; = 1.53 t/m?) are listed in Table 4.1. These
internal friction angles were estimated under the assumption of ¢ = 0, where ¢ is cohesion.
In other words, the one-point method was used. Cyclic triaxial compression tests provided
a small strain shear modulus G of this sand, which can be regarded as being a result of a

shear strain level order of 107
Go = 1935(0%,/98)°5 x 98 (KN/m?) @.1)

as obtained from a simple correlation of the test results of D, = 30%, where the unit of o is
kN/m?.

An RC pile specimen of the type-1 pile which was dealt with in previous chapters was
also used. We refer to the experiment investigated here as the Case C1 experiment. The
material properties obtained in typical element tests are shown in Table 4.2.

The point of application of the lateral cyclic displacement was 0.7 m above the initial
ground surface. Positive displacement and jack load are indicated in Figure 4.1. A pinned
device was attached at the bottom of the pile in order to élarify the boundary condition.

The lateral load versus lateral displacement response at the loading point is shown in

Figure 4.2. The load intensities of positive and negative sides were quite different, whereas
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Table 4.2 Results of material element tests for the RC pile specimen embedded in sand

Reinforcement
Reinforcement Yield stress | Tensile strength | Young’s modulus
(N/mm?) (N/mm?) (kN/mm?)
Longitudinal 357.5 478 175
Hoop 389 554 213
Concrete
Compressive strength | Young’s modulus | Splitting strehgth
(N/mm?) (kN/mm?) (N/mm?)
30.3 27.1 2.70

the experiments in the same experiment series using steel piies31)’ 32) did not reveal any such
noteworthy feature and the difference was small. The experiments using the same kind of
specimens and being subjected to lateral reversed cyclic loads in air did not behave in such
the aforementioned manner. The maximum strength was reached at 76 cycle (105 mm)
and the positive peak load at every displacement cycle gradually decreased, whereas the
corresponding negative peak load continued to increase gradually. Finally, a large and sudden
decrease in strength was observed only in the final displacement cycle in both the positive
and negative sides of load.

Photo 4.1 shows the s‘tate of the test ground after the experiment. The water level was
reduced. The direction of cyclic loading was parallel to a line connecting the top-right with
the bottom—left of this photo. Slumping of soil was observed around the pile, and passive
deformation and cracks were developed in the surrounding slumping zone. In particular, a
large subsidence of approximately 35 to 50 cm was developed around piles. In addition, soil
densification occurred, since the values of cone penetration strength which were measured

after each experiment increased compared to those measured before the experiment. These
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Photo 4.1 State of the test ground after the experiment and dewatering

observations indicate the development of a volume change, i.e. negative dilatant deformation,
of the sands.

Photo 4.2 illustrates the final pile crack pattern observed after excavation, where a
sketch was drawn for the east-side of the specimen. The scales of the photo and the sketch are
different, and the hatching zones in the sketch indicate spalling of cover concrete. Damage
was not localized very much, but rather was distributed over a large area, which differed from
the experiment in air using the same type of specimen, as shown in Photo 2.1. Photo 4.3 was

taken after removing the cover concrete. Although swelling and tensile failure of reinforcing
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Photo 4.2 The final crack pattern of the tested pile in an experiment involving RC piles

embedded in sand and subjected to a lateral cyclic load

‘bars appeared inside the cover concrete during the experiment, a large degree of spalling of
cover concrete did not occur. The surrounding soil may have prevented cover concrete from

spalling off, redistributing the damage.

(2) Enhancement of the toughness of cover concrete by a
lateral confined effect due to earth pressures

Mander et al.>® has proposed a compression stress-strain relation for confined con-

crete. Figure 4.3 is a schematic diagram of their model. The equations below represent

concrete response.
Jeexr

= 0 4.2

T T +x (4.2)

x= L 4.3)

8CC
E
L 44
’ Ec - Esec ( )
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Photo 4.3 Final damage to reinforcing bars in the test pile specimen

where f.. and &, are the peak compressive stress and corresponding strain of confined con-

crete. f.. and g, can be obtained by

fee = fro|—1.254 +2.254 |1 + 70000 5 L : (4.5)
c0 c0
Ece=&p|1+5 (% - )] , ~ (4.6)

where o and &, are the stress and strain of unconfined concrete at the peak compressive
strength, respectively, and f; is the effective lateral confining stress. In Eq. (4.4), E, is the
initial Young’s modulus of concrete and E,, is the secant Young’s modulus of concrete at

the peak stress. These values can be estimated by

E, =5000/f;, (MN/m?), 4.7

Ee = fzc/gcca (48)

respectively. Thereby, we can estimate cover concrete strength while considering the lateral
confining effect given by earth pressures by including the earth pressure in f; of Eq. (4.5).

However, the earth pressure changes cyclically along with the relative displacement

between the foundation and the far-field soil. Nevertheless, we assume that an earth pressure
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Figure 4.3 Schematic diagram of stress-strain model for concrete in compression proposed

by Mander et al.

at rest is averagely effective as the lateral pile confinement during pile motion, because the
changing earth pressure is thought of as consisting of the earth pressure at rest plus a variable
component. Since the largest damage occurred as a depth of approximately 1 m below
ground level, the earth pressure at rest corresponding to that depth is taken as the confining
pressure f; of cover concrete, regardless of depth, for the sake of simplicity. The coefficient

of earth pressure at rest, K, is estimated by a typical empirical equation
Ko=1-sing’, 4.9)

with ¢’ = 39°. A dotted curve in ’Figure 4.4 shows the stress-strain behavior of cover
concrete calculated by Eqs. (4.2) to (4.8) considering the lateral confined effect due to the
earth pressure. For comparison, the stress-strain relations for the cover concrete and the
core concrete obtained as in the simulation of Chapter 3 are shown by dashed lines. The
comparison suggests that an improvement in the toughness of cover concrete can be expected
if the lateral confined effect for cover concrete is effective.

The'compressive collapse strain of cover concrete must be known in order to define
the initial state of reinforcement swelling. Although Mander et al. associate the compressive

collapse strain with the initiation of the fracture of hoop, this is not applicable to the case
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Figure 4.4 Comparison of stress-strain relationship for cover concrete among the numerical

cases

in which the concrete confinement is induced by earth pressures. In order to resolve this
problem, we utilize points that correspond to strains that are three and five times larger than
that at the peak stress on the original stress-strain curve as the first and second control points,
respectively, such that an alternative stress-strain curve is fit well up to approximately 1%
in strain level in the compressive softening region. Curve A in Figure 4.4 is the determined
stress-strain curve. The first softening curve runs from the point of the peak stress to the first
control point, and the second softening curve runs from the first control point to p = 0 via
the second control point.

Another Case is assumed in order to examine simply the possibility of the confining
effect due to earth pressures. The first and second descending gradients are given as the
gradients of core concrete. A stress-strain curve is derived as the curve indicated as Curve B
in Figure 4.4.

On the other hand, the confining effect by earth pressures is not considered in the

mechanical properties of core concrete. Further, for simplicity, we use the model used in
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previous sections in the stress-strain relation of core concrete. These assumpti'ons are based
on the fact that the confining pressure due to earth pressures is much smaller than that due
to hoop reinforcement in a shallow zone of, for example, approximately 1 m in depth and
the confining effect to core concrete by hoops is expected even after the cover concrete is
damaged. However, an inconsistency exists with respect to the method used to determine
the softening behavior of compressive concrete, and this assumption can make the collapse
strain of cover concrete larger than that of core concrete in a zone very deep below ground
level. Hence, a more rigorous modeling is required, but this assumption can be regarded
reasonable in the first trial in order to consider the confining effect to cover concrete by earth
pressures. |
The following may be another method for taking the lateral confining effect by earth
pressures into account when using the model proposed by Hoshikuma et al. As has also
been mentioned by Mander et al., if hoops uniformly develop their yield strength, the lateral

confining stress to core concrete can be expressed as

, 1
fi = skepston (4.10)

where k, is the confinement effectiveness coefficient, which can be estimated by

2
S
k,={1- 4.11
( 2ds), (4.11)

where s is the hoop spacing, d; is the diameter of the hoops, and p, is the volume ratio of
the lateral confinement bars and is defined by Eq. (2.3) and f;;, is the hoop yield strength.
The area of longitudinal reinforcement section is assumed herein to be sufficiently small
compared to that of the core concrete section. Thus, earth pressures may be converted to
an equivalent value of p, using Eqgs. (4.10) and (4.11) and a stress-strain relation of cover
concrete considering lateral confinement due to the earth pressures can be obtained by Eqgs.

(2.1), (2.2), and (2.4), although this is not examined in this study.
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(3) Numerical calculations

a) Computational cases and modeling

A two-dimensional finite element analysis is employed within the framework of in-
finitesimal displacement theory. The pile and surrounding soil are modeled as a beam on
nonlinear Winkler type distributed springs.

The hysteretic mechanism of p-y response for a nonlinear Winkler type interaction
spring is the model proposed by Shirato et al.>® Shirato et al. have shown that the stress-
dilatancy behavior of soil causes the loading pattern dependency of the load transfer hystere-
ses between soil and pile; that is, the tendency for the soil resistances to mobilize at the same
displacement level differs, depending on the loading patterns, based on the comparison of the
experimental results of single piles embedded in sand and subjected to fully reversed or one-
sided cyclic loading and the examination of element test results of sand subjected to cyclic
passive and active deformation. Then, they proposed a load transfer hysteretic mechanism
for Winkler type intéraction springs for random loading histories. The hysteretic mechanism
can be classified as a peak-oriented model, and is further extended in order to consider the
loading pattern dependency of the hysteresis. However, the special mechanism for the ef-
fect of cyclic loading on one side (loading pattern dependency) is disregarded in calculations
herein, since the load condition to the test pile was completely reversed cyclic loading. In
short, only the basic hysteretic mechanism is used and the deterioration rule is ignored.

The hysteretic mechanism in response to fully reversed loading is called the basic
hysteretic mechanism. It is a kind of peak oriented mechanism as shown in Figure 4.5. A
p-y curve runs toward a point corresponding to the ever-largest displacement [y]may.

We herein use a bi-linear curve of elastic and perfectly plastic type as the skeleton

curve, as shown in Figure 4.5. The ultimate value py, of p is provided by

pu(@) = a,Kpyz, (4.12)

where K is the passive earth pressure coefficient, y is a soil weight per unit weight volume,

z is a depth, and e, is a modification factor for representing three-dimensional effects in the
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Figure 4.5 Basic Hysteretic Mechanism.

effective interaction zone in subsoil layers. We express a subgrade reaction coefficient as

follows:

ky(z) = azko(2), 4.13)

() = (Eo(@)/Bo) X (B/Bo)" @.14)

where Ej is a small strain deformation coefficient of soil, ko is a reference subgrade reaction
coefficient, B is a width of foundation and is a diameter in the case of piles, and By is ab
reference width and 0.3 m is adopted in the Japanese Specifications. n is a constant value
which represents the foundation‘width dependency of subgrade reaction coefficient. In this
paper, n = —3/4 is assumed based on the Japanese Specifications.? a is a constant to fit the
reference subgrade reaction coefficient with a bi-linear curve. It is assumed that the value of
a, is independent of depth. The values of a; and @, can be determined based on load tests
on single piles subjected to monotonic loading or fully reversed cyclic loading.

In addition, an unloading path bounding for p = 0 from the last reversal point is

regarded as a straight line with an unloading gradient of kxjunt- Krun 18 provided by

keum = Bko. (4.15)
We further assume 8 = 1 in Eq. (4.15) since the unloading gradient is closely related with an
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unloading gradient of soil which has the same order of small strain levels as used to define
ko.

In Figure 4.5, a point corresponding to the ever-largest displacement on the skeleton
curve is referred to as a global control point C;, where the suffixes i and j take 1 or 2,
hereafter. A pair of global control points, C; and C,, exists on the positive and negative
sides, respectively, and they are symmetric about the origin. For example, during a path e —
f — g in Figure 4.5, |y|nax is the absolute value of a displacement amplitude of point ‘e’, |y,|,
and then the other global control point is defined to be point ‘g’, i.e. Yo = ~VImax = —y.. We
further refer to the curves connecting the global control points, C;-C ;» as the external curves.
For simplicity of computer coding, internal curves which move inside the external curves
always bound for the last reversal point on the external curve or the outmost internal curve.

The setting of material parameters for soils is the same in the calculation performed by
Shirato et al.3® Distributed lateral Winkler springs are integrated into discrete lateral springs
at nodes. The load-displacement relationship of each integrated lateral spring is based on
a p-y relationship of the depth of a node, and is typically estimated by simply multiplying
the width and length of the element by p of the p-y relationship. We derived the value of
Ey at each depth by Ey = 2(1 + v)Gg, where G, and v are a small strain shear modulus and
a Poisson ratio of soil, respectively. G at each depth was estimated by Eq. (4.1). ol in
Eq. (4.1) was estimafed byol = (1+ ‘2K0)0';(z)/ 3, where o7 (z) is an effective overburden
stress at depth z, and the coefficient of earth pressure at rest K; is given by Eq. (4.9). v
was assumed to be 0.5. The internal friction angle ¢’ of the test sand deposit for estimating
earth pressure coefficients is assumed to be 39° based on the element test shown in Table
4.1, since overburden stresses are small in the experiment. After all, &, = 4.0 and a; = 0.3
were chosen in reference to the numerical simulations of the same type pile load experiments
using steel pile piles shown by Shirato et al.3®)

The pile is modeled using fiber elements. The element length is three times as long
as the spacing between adjacent hoops, 3s (= 120 mm), where s is the hoop spacing, based

on the result of plastic buckling analyses of longitudinal reinforcement described in Chapter
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3(2). The constitutive relation for longitudinal reinforcement bars proposed in Chapter 3
is used to include the effect of reinforcement swelling. The hysteretic mechanism of the
stress-strain relation for concrete is the same model used in Chapters 2 and 3. The modified
Muguruma model proposed by Ristic et al.>* is also used.

In the constitutive relation of longitudinal reinforcement bars, Young’s modulus and
tensile strength are based on the element test result, and the values of other parameters for the
Menegotto-Pinto model are the same as those used in Chapter 3. In addition, plastic buckling
analysis is carried out in the same manner as in the previous chapter in order to determine
a monotonic compressive stress-strain curve of the swelled longitudinal reinforcement bar,
where the hodp resistance is modeled by elastic and perfectly-plastic springs. The parameters
necessary for the constitutive relation of concrete are given in the same manner as detefmined
in the simulations of experiments in Chapter 3, based on the material element test. The
accuracy of these numerical settings for this pile specimen has been already demonstrated,
for example, as shown in Figures 3.14 and 3.16.

Three different settings for the parameters of constitutive relations of cover concrete
and reinforcement bar are tested as listed in Table 4.3. Case O is a conventional case and
does not take reinforcement swelling or lateral confinement effect to cover concrete from the
earth pressure into account. Case 1 considers reinforcement swelling but does not consider
the lateral confinement to cover concrete. In Cases 2 and 3, both the reinforcement swelling
and the lateral confinement to cover concrete are included. The stress-strain relations of
cover concrete are given by Curve A in Figure 4.4 for Case 2 and Curve B for Case 3,

respectively.

b) Results and discussions

The result for Case 0 is shown in Figures 4.6 and 4.7. In Figure 4.7, £, and &, are the
compressive collapse strains of the core and cover concrete, respectively, and &, is the yield
strain of the longitudinal reinforcement bars. Case 0 is the case in which the most commonly

used modeling for the pile is used. The strength in the positive side and the shape of internal
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Table 4.3 Numerical cases

Cases Reinforcement Swelling Confinement to cover concrete

0 Not considered Not considered
1 Considered Not considered
2 Considered Considered (Curve A)
3 Considered Considered (Curve B)

loops in the relationship of load versus displacement at the load point are simulated very well,
although the calculated strength is somewhat larger than the experimental strength. However,
the calculation cannot predict the difference in strength between positive and negative loads
at peak points as was observed in the experiment. This tendency is the same in the following
numerical cases, but we have not yet been able to realize a clear reason for this difference.
‘The numerical calculation cannot reproduce the tendency of the occurrence of the rapid
degradation of strength at the final displacement cycle, either, because the numerical model
does not take the effect of reinforcement swelling into account.

As is shown in Figure 4.7, the calculated depth at which the pile sustained the largest
damage is in good accordance with the experimental result and occurs at approximately 1 m.
Since we have already verified that the use of fiber elements for this RC pile specimen yields
precise behavior in air, as elucidated in Figure 3.16, we can infer that the other numerical
elemeht, namely the model used herein for the hysteretic mechanism of p-y of the Winkler
type interaction spring will be also advantageous with respect to soil-pile interaction.

However, a strain at the position of an extreme reinforcement bar exceeds the com-
pressive collapse strain of cover concrete in an early stage of the loading, whereas large
spalling-off of cover concrete was not observed in the present experiment. Nevertheless, the
model used for the pile is not capable of simulating the initiation of clear strength degrada-
tion as seen in the experiment at the final displacement cycle. Casé 0 eventually shows that

more rigorous structural models of the pile are necessary for estimating the ductile capacity
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Figure 4.6 Load-displacement response at the loading point (Case 0: No consideration of

reinforcement swelling and lateral confinement of the earth pressure to the cover

concrete)

of the pile. The estimation of postpeak behavior given by typical models of piles does not
associate the degree of damage to the piles with the ultimate ductility capacity of the piles.

Numerical results in Case 1 are shoWn in Figures 4.8 and 4.9. Case 1 further considers
the reinforcement swelling in the pile model in addition to the model used in Case 0. The
degradation of strength occurs in the calculation along with the reinforcement swelling after
the 126 cycle. From this result, we realize again that the prediction of a large reduction
in strength due to reinforcement swelling is quite effective for éstimating the ultimate limit
state in pile design. However, the predicted initiation of rapid degradation of pile strength
is earlier than that observed in the experiment. This is due to the fact that the compressive
damage to cover concrete is overestimated as in the result of Case 0.

Figures 4.10 and 4.11 shows numerical results for Case 2. Case 2 further considers
the lateral confinement to the cover concrete By earth pressures using the constitutive relation
‘propoéed by Mander et al. The numerical results agree very closely with the experimental

results in the load-displacement relationship. On average, the positive peak loads can be
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Figure 4.8 Load-displacement response at the loading point (Case 1: Including considera-

tion of reinforcement swelling and without consideration of lateral confinement

to the cover concrete by earth pressures)
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Figure 4.9 Distributions of longitudinal strain in extreme reinforcement bars at the positive
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predicted to be approximately 20% larger than the experimental results. The initiatioh of the
large reduction in the lateral strength of the pile in the calculation is developed at the final
displacement cycle, and this is identical to the experimental observation.

The calculated damage distribution for the state after the experiment is in good agree-
ment with the experimental result. For example, the plasticized region of an extreme lon-
gitudinal reinforcement bar widens to a greater degree than that calculated in Case 1 and
coincides with the region in which wide cracks were observed in the experiment. There-
fore, the difference in the stress-strain relation of cover concrete may give a precise damage
distribution.

While fracture of the reinforcement was observed in the experiment in the final dis-
placement cycle, the calculated maximum tensile strain is 7.9% in the same displacement
cycle and this is much less than a typical ultimate strain of reinforcement bars derived in
element tests. As a result, it is inferred that the fracture of reinforcement bars in the experi-
ment could be caused by repeated cyclic plastic deformation. However, from an engineering
standpoint, the number of plastic deformations during an earthqqake is expected to be much
smaller than that in this experiment, and the difference in reinforcement fracture is not likely

to lead to a serious problem in the seismic performance assessment. As a result, we believe
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ation of reinforcement swelling and lateral confinement to cover concrete by

earth pressures)

strain

-0.016 -0.008 00 0.008 0.016

depth (m)

Figure 4.11 Distributions of longitudinal strain in extreme reinforcement bars at the positive

-peak displacements of the first cycles (Case 2)

76



20r

A

7 1//// | /v,"'/.
,:[/ 7, //1144/
’ // Vi //

load (kN)
load (kIN)

40t 44

-200 . 0 - ' 260 —2IOO ' 0 ‘ 200

Experiment Numerical analysis
Figure 4.12 Load-displacement response at the loading point (Case 3: with considerations

of both reinforcement swelling and lateral confinement to cover concrete by

earth pressures)

that the modeling used in Case 2 can accufately predict the ductility behavior of RC piles.

Presented in Figures 4.12 and 4.13 are the numerical results for Case 3. The predicted
behavior and damage state are between the calculated results for Cases 1 and 2. This cor-
responds to the position of the stress-strain curve of cover concrete in Figure 4.4. From a
comparison among Cases 1 through 3, it is indicated that the lateral confinement effect to
cover concrete due to earth pres'sures can be increased toughness of RC piles.

Piles can sustain bending damage deep under the ground due to seismically induced
ground deformation during a large earthquake as will be examined in the following chapter.
However, based on the numerical results presented in this chapter, it is likely that piles have
high ductility capacities owing to the confining effect on cover concrete by earth pressures.
Pile foundations undergo higher earth pressures than those in the experiment examined in
this chapter. Consequently, the confined effect can give an additional safety margin in the
assessment of seismic performance of piles deep under the ground. Based on the numerical

examination above, the strength of the cover concrete may be ascertained considering the
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confined effect due to earth pressures. We can at least expect the resistance carried by cover
concrete in pile design, even though the lateral confinement effect is not taken into account

in the estimation of the resistance of cover concrete.

(4) Concluding remarks

In this chapter, an experiment involving an RC pile embedded in loose sand and sub-
jected to a reversed cyclic load was simulated. The comparison of pile behavior between
the experiment and the simulation shows that the models used, namely, the hysteretic mech-
anism of soil-pile interaction springs and fiber elements installing a constitutive relation of
reinforcement bar which can account for the swelling phenomenon, do a good job of pre-
dicting the nonlinear behavior of the pile in sand with an excellent accuracy up to postpeak
region. The most appropriate calculated result was given when the lateral confined effect
to cover concrete due to earth pressures is taken into account in the constitutive relation of
fibers corresponding to cover concrete. Based on the numerical results, the toughness of RC
piles embedded under ground can be improved compared to that in air, as the depth from

the ground level increases. This advantage should be utilized to achieve more reasonable
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designs. Especially, as described earlier, cover concrete of cast-in-place RC piles occupies
a greater cross sectional area compared to other RC members, such as piers, and the consti-
tutive model for cover concrete is important in numerical simulations for cast-in-place RC
piles. We can at least expect the resistance carried by cover concrete in pile design, even
though the lateral confinement effect is not taken into account in the estimation of the re-
sistance of cover concrete. It is also quite effective to consider the lateral cdnﬁned effect
to cover concrete due to earth pressures especially for assessing the ductility and strength
capacities of piles sustaining kinematic interaction deep under ground caused by the ground
vibration during an earthquake.

In this chapter, since we examined pile behavior in the case subjected to a reversed
cyclic loading, we disregard the special rule accounting for the loading pattern dependency
of the hysteretic mechanism of the Winkler type interaction spring. However, in cases when
treatment of the P-A effect is needed, for example, in the design of an extended RC pile shaft,
we should consider 4the deterioration rule to involve the effect of cyclic loading on one side
with the soil resistance. A hysteretic mechanism of p-y considering the deterioration rule
is important in estimating the P-A effect in the assessment of seismic performance of such

structures.
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S. The Relationship in a Pile Foundation
between Damage to Pile Members due to
Kinematic Interaction and Stability of a

Foundation as a Structural System

(1) Introduction

In the previous chapters, we showed numerical modeling methods that perform a nu-
merical assessment of the seismic performance of a pile foundation in a practical seismic
design. However, our ultimate goal is to apply the methods which we developed to the
practical design of deep foundations. In the near future, limit states will be able to be de-
fined based on the numerical results of a foundation during the collapse process, and then
the foundation can be verified. Future study is still required to reach the ultimate goal, but,
in this chapter, we attempt to show an example of the future verification process of a pile
foundation.

In the example shown, special emphasis is placed on the effect of the bending dam-
age in the pile caused by seismic-motion-induced ground displacement (i.e., the kinematic
interaction), which is located in a position deeper than the area which is greatly affected by
the inertial force from the superstructure (i.e., the inertial interaction). It has been clarified
through existing earthquake damage case histories and recent studies'» 192122 that damage

to piles can occur around the boundaries of the subsoil layers and the boundaries between
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liquefied and non-liquefied subsoil layers, where the rigidities of the soils vary, due to the
so-called kinematic interaction between piles and the ground during severe earthquakes, as
well around the top of Vpiles, when piles are embedded in deep soft soils. However, the ef-
fects of the damage to pileé due to the kinematic interaction on the stability of grouped pile
foundations have not been studied.

Simulating dynamic soil-pile interactions under any conditions through experimental
investigations is difficult. On the other hand, numerical approaches are of great help because
they can be applied to pile foundations of any configurations and any ground conditions.
Hence it would be quite useful to numerically observe the postpeak behavior of cast-in-place
RC piles in pile foundation systems in order to establish both the performance-based design
and limit state design of pile foundations. Accordingly, we will investigate the relationship
between seismically induced pile damage due to the kinematic interaction and the dynamic
response of the foundation as a system via several dynamic analyses of a cast-in-place RC
pile foundation. |

The degree of the effect of pile damage on the response of the foundation as a system
can be different, depending on the depth of the damage. It is inferred that damage to the piles'
at a deep position, where the piles do not contribute much to the support of the inertial force,
is unlikely to influence the response of the foundation as a system, but this assumption has

not been proved. The example shown in this chapter deals with this type of situation.

(2) Numerical settings

The object of the examination is a highway bridge pier with a grouped pile foundation.
Figure 5.1 shows the geometry of the pier and the foundation. This particular foundation
was originally introduced in the literature®” as an example of ductility design for highway
bridge foundations based on the 1996 Specifications for Highway Bridges in Japan."? The
foundation comprises 4 X 3 cast-in-place RC piles, the dimensions of each are 1000 mm

in diameter (D) and 23 meters in length. The minimum distance between the center of
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Figure 5.1 Simulated pier and finite element mesh

neighboring piles is 2.5D. They are embedded in soft ground classified as Class III as defined
in the Specifications. The assumed ground level for seismic design is GL —4 m in compliance
with the Specifications, this corresponds to the bottom of the pile cap.

The finite element mesh to be analyzed is also shown in Figure 5.1. The mesh is
actually symmetrical about the center line which is identical to the centerline of the pier.
In carrying out the simulations, the finite element is formulated within the framework of
infinitesimal displacement theory. The ground conditions used here are simplified for ease
of setting the numerical parameters of the ground, as listed in Table 5.1, in comparison
with the original settings in the literature.’” The characteristic period of this simplified
ground is evaluated as 0.6 s by the Specifications. Namely, this ground is considered to be
relatively hard for Class III ground, because this period classifies the ground as being near
the boundary between Class II and III. Class II ground has a shorter characteristic period
than Class II ground.

A seismic analysis is performed in order to determine the response in the direction
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Table 5.1 Ground profiles
Layer | Depth | Soil | SPT-N | Vi | Density p

(m) (m/s) | (t/m*)
1| 4~ 7] silt 2 | 130 1.6

7~14 | clay 4 160 1.6

14 ~ 16 | sand 18 210 1.7

16 ~26 | clay 13 240 1.7

Wn | W

26 ~ 34 | gravel 36 260 2.0

perpendicular to the bridge axis. We execute the three types of simulations summarized in
Table 5.2. Case 1 models the details of the referenced pier-foundation system as strictly as
possible. Case 2 is a modification of Case 1 as follows: the pier material is made elastic; the
amount of reinforcement in the piles is greatly reduced, so the foundation is placed under
greater stress than that in Case 1; and the acceleration of the input earthquake wave at the
base is 2.2 times larger than that used in Case 1, with this value set by trial and error such
that postpeak behavior of bending capacity would be observed deep in the piles. Case 3 is
another modification of Case 1, in which further modifications are added to those in Case
2. The differences from Case 2 are as follows: the upper limit of bearing capacity at the
bottom of the pile is released to make the compressive axial force on the piles large; and the
acceleration of the input earthquake is made to be twice that used in Case 1, for the same
reason as in Case 2. The arrangement of the reinforcement in the piles in these three cases is
listed in Table 5.3.

A plane strain element is employed to model the ground. Nevertheless, two-dimensional
finite element analyses are unlikely to be appropriate in design practice for pile foundation.
For example, general considerations of the appropriate adjustments of constitutive law and
perspective depth of the ground have not been established. However, the following supports

this decision for the present example:
1. The present study places emphasis on determining the characteristics in the damage
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Table 5.2 Summary of computational cases

Case 1 Case2 | Case3
Pier ' nonlinear | linear linear
End bearing resistance of pile nonlinear | linear linear
Amount of reinforcement in piles ’ - reduced | reduced
Amplitude of base input acceleration x1.0 x2.2 x2.0

behavior of piles deeper under the ground surface rather than in the area where there

is inertial interaction between the soil and foundation;

2. In the area deep under the ground surface, the motion and deformation of piles would
be dominated by the ground vibration displacement induced by the earthquake wave,
as is well known,'-16).19.20).38) hecayse piles are flexible and slender and the mass of

piles is overwhelmingly small in comparison with the ground region;

3. In addition, it is considered that plane strain modeling can perform well for one-

dimensional shear vibration of the ground during earthquakes.

The depth of the element in the out-of-plane direction is twice that of the pile cap
in that direction, which is identical to the arrangement employed by Tateishi et al.,2® who
reported a seismic dynamic simulation for the same pier. They used this depth based on
the investigation by Tazo et al.*® which studied the perspective depth of the plane strain
element in order to evaluate the equivalent behavior derived by a three-dimensional finite
element analysis on piie—groups in elastic media. As for the boundary conditions, both edges
of the modeled ground are free to move in the horizontal direction but are restrained in the
vertical direction, while the motion at the bottom is fixed in both the horizontal and vertical
directions.

When considering seismic ground motion as one-dimensional shear vibration, we may

adopt a one-dimensional constitutive model for the nonlinearity of soil. We employ Hooke’s
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law as the constitutive relation for the Soil, and take thé nonlinear characteristics of soil into
account by changing the instantaneous shear modulus according to the stress history step-
by-step.

The instantaneous shear modulus is given by the Ramberg-Osgood model®® in terms
of the stress history of o5, where the Cartesian coordinate system x;-x; is set as indicated in

Figure 5.1, and where we assume that soil material is isotopic. The skeleton curve of 012-€12

012 r)’ (5.1)
Or

where G, is the initial tangent shear modulus, o, is the shear stress o1, when shear strain €,

of the Ramberg-Osgood model is given by

-0'12
=—{1+
€12 2G0( a

reaches a special strain called the reference strain in this model. It should be noted that the
reference strain is required in order to set the nonlinear shape of the skeleton curve. @ and 3,
which are also required in order to specify the skeleton curve nonlinearity, are usually given
by the following equation:*¥ |

2 p 2 hmas
N = max 5.2
eror wd f=5- Thimax | 2

where A, is the maximum equivalent damping constant of a soil which is observed at very

high strain regions. The values of the instantaneous tangent shear modulus G, on the skeleton
curve are set by obtaining the tangent of Eq. (5.1). The internal loop curves are described by
the Masing rule. |

When applying solid elements to soils, we should use an appropriate constitutive rela-
tionship of the soil which can reproduce the behavior of the soil subjected to cyclic passive-
active (in other words, compression-extension) deformation especially for the near field soils
greatly affected by the inertial interaction, in addition to cyclic shear deformation especially
for the far field. However, the present analysis does not model the cyclic compression-
extension deformation mode, and, for example, is not able to represent the stress-dilatancy
behavior as considered in the Winkler type interaction springs proposed by Shirato et al.*® In
addition, since the Ramberg-Osgood model does not include the strength parameters of soils,

the stress level continues to increase in the elements which undergo large strains. Hence, the
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resistance of the ground to the foundation is overestimated when the foundation response
becomes relatively large. This situation is one of the problems in the simulation to be soilved
in the future. Discussions as to how to choose a nonlinear constitutive model of the soil are
needed.

The initial shear modulus G, of the soil in each layer is determined by the phase
velocity of shear waves in the corresponding layer, as listed in Table 5.1. Poisson ratios are
set at 0.49 independently of the soil properties. Parameters for the nonlinear properties in
the Ramberg-Osgood model are estimated by the usual procedure?” based on the maximum
damping constant and the reference strain. We assume that the maximum damping constants
of sand and clay are 0.3 and 0.2, respectively. It should be noted that these values have
been considered to be general in the past. However, Murono*® and our research team*"
at the Public Works Research Institute have carried out parametric numerical studies with
the Ramberg-Osgood model based on comparisons between the results of their large-scale
shaking table tests using sand and numerical results, and both have pointed out that it is better
to employ a somewhat larger value with respect to sand, such as 0.35 to 0.4. The reference
strain &, is set to strain £, when G/G, reaches 0.5, where G is the secant shear modulus.
The reference strain in each layer is estimated on the basis of existing experimental studies
by Iwasaki et al.,*»*3) where the reference strain is determined from the soil profile and the
confining pressure. We evaluate the confining pressure at the depth of the gravity center in
each element, with the static earth pressure coefficient fixed af 0.5. |

The heads of the piles are rigidly connected to the pile cap. Since plane strain analysis
is to be carried out, the three piles in one row are gathered together into one beam.

The same plastic buckling analysis as in Chapter 3 is carried out for the longitudinal
reinforcement for each sectioned reinforcement arrangement, and the hoops are modeled by
elastic and perfectly-plastic springs. A series of numerical tests determined that the length
of the reinforcing bar which shows the most drastic reduction in load after buckling is three
times the spacing between two adjacent hoops for all the reinforcement arrangements in the

examined foundations. However, because of the requirement for connecting the fiber el-
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ements of piles to the plane strain elements of spils, as will be described later, it becomes
much easier to implement the mesh if the length of a fiber element is equated to the thickness
of a plane strain element for the soil. We therefore carry out the same series of numerical
plastic buckling analyses again under the condition that the length of the longitudinal rein-
forcing bars is equal to the depth of the plane strain elements for the ground; i.e. SOOme.

As a typical numerical result, a comparison of the load-displacement relations at the
loading point is shown in Figure 5.2 for Arrangements ‘c’ and ‘d’ in Table 5.3 with analyzed
lengths L = 3s = 450 mm and 500 mm. Discrepancies due to differences in analyzed length
are barely discernible in the results for both arrangements. This same tendency is also seen in
the numerical results for Arrangements ‘a’ and ‘b’. In the case of Arrangement ‘d’, the two
curves in Figure 5.2 are too close to be distinguished. We therefore determine that the length
of the fiber elements will be 500 mm and that the corresponding post-buckling behavior will
be treated as swelling behavior.

Other parameters necessary for the piles are given in the same manner as for the simu-
lations of experiments described in Chapter 3, where the design compressive strength of the
concrete is 24 N/mm?. There is no consideration of the confining effect to cover concrete by
the earth pressure.

We introduced joint spring elements between piles and ground at nodes having iden-
tical coordinates. These joint spring elements resist forces in the horizontal and vertical
directions. The horizontal joint elements are linear springs with large rigidity so that the
relative horizontal displacements and velocities between the piles and the ground are small
enough to be ignored.

The vertical joint springs are classified into two types; one type ié arranged around
the circumference of the pile, while the other is fitted to the pile base. The former joint
springs represent vertical shaft resistance between pile and soil, and these are a series of dis-
crete elastic-perfect plastic springs. Each is an integrated component of a distributed spring
with a constitutive law of elastic and perfectly-rigid-plastic type with strength equal to the

maximum shaft resistance. The subgrade reaction coefficients of the distributed springs are
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Table 5.3 Arrangement of reinforcement in pile

GL (m)

Case 1

Cases 2 and 3

-4.0~ -6.0

Arrangement ‘a

2

Arrangement ‘c’

-6.0 ~ -12.0

Arrangement ‘b

2

Arrangement ‘d’

-12.0 ~-18.5

Arrangement ‘c’

Arrangement ‘d’

-185~-27.0

Arrangement ‘d

b

Arrangement ‘d’

Arrangement

Longitudinal

Hoop

a

SD295 22-D32

SD295 D19 ctc 150

b

SD295 22-D32

SD295 D16 ctc 150

SD295 11-D32

SD295 D16 ctc 150

SD295 11-D22

SD295 D16 ctc 150

o R s ey —
P x%.\ L :/500 mm
o
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Figure 5.2 Numerical analysis of plastic buckling of longitudinal reinforcement bar (Ar-

rangements ‘c’ and ‘d’)
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evaluated using an empirical equation from the design Specifications® for caisson founda-
tions, whereas the maximum shaft resistance is calculated from another empirical equation
for cast-in-place RC piles given in the design specification. These empirical equations in-
volve SPT-N values. |

On the other hand, the vertical joint springs located at the bases of the piles are as-
sumed to be non-linear elastic. They have a bi-linear response to compression with a maxi-
munm strength equivalent to the bearing capacity at the pile base, but they have no resistance
to tension. The compressive spring constant is estimated from the vertical subgrade reaction
coefficient, which is considered in the design of caisson foundations, while the maximum
strength is derived from an empirical equation for the design of cast-in-place RC piles. Note
that, in Case 3, the maximum value of bearing capacity at the base of pile is ignored. Further-
more, we also combine the three joint elements of three piles in the same row into a single
joint element at each depth.
| The upper structure system is modeled as a single lumped-mass of 8836 kN. The pier is
modeled as a single lumped-mass of 4271 kN at its middle point and elastic beam elements.
The entire section is considered effective, and Young’s modulus of concrete is used in calcu-
lating the bending rigidities of the beam elements. However, a plastic-hinge region based on
the Specifications? is specified at the bottom of the pier only in Case 1. This plastic-hinge
is modeled as a nonlinear rotational spring, the resistance of which is given by a somewhat
modified nonlinear relation of the Takeda model.*® In this modification, the crack boint is
neglected; the yield bending capacity of the pier is given according to the Specifications;"
and the tangent bending rigidity after initial yielding is set to 1/10,000 of the initial bending
rigidity. The pile cap is modeled as an elastic beam element with excessive rigidity, and its
mass of 2492 kN is located as a lumped mass at its gravity center.

As global damping, Rayleigh damping is assumed, and the coefficients co’rresponding
to the first and second modes are both set to 3%. An eigenvalue analysis of the whole system
gives the first and second eigen periods, where we use the initial rigidity of all the structural

members and soils in the calculation. The resulting characteristic periods are 0.52 s for the
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first mode and 0.38 s for the second mode. In the first mode, the shear deformation of the
ground is greater, and the displacements of ground and structure are in phase. But the second
mode is mainly governed by the rocking motion of the structure, and the corresponding
phases are opposed to each other. We can conclude that the characteristic period of the
structure T is shorter than that of the ground Tg. This is also supported by the fact that the
period of the ground derived according to the design Specifications is 0.6 s. Note that the
initial damping matrix at # = O s is always used in seismic response analyses, because we can
expect that most of the damping effect in seismic response analysis arises from hysteretic

damping of the structural and soil materials because of the large earthquake motion.

(3) Results of dynamic analyses

The basic input earthquake motion is the NS component of one of the most commonly
used earthquake records: that taken at the Japan Meteorology Agency in Kobe during the
1995 Hyogoken-Nanbu (Kobe) earthquake. In the dynamic analysis, the magnitude of this
‘basic input wave is multiplied by a specific value, and then the adjusted motion is input
directly into the nodes of elements at the base. Since the numerical results obtained in Cases

2 and 3 are quite similar, only the results for Cases 1 and 2 are explained in detail below.

a) Dynamic behavior of ground

Figure 5.3 shows the distributions of peak displacement of the ground at different po-
sitions, where the symbols A through D indicate the observation lines labeled A through D
in Figure 5.1. The same symbols will be used throughout. The peak values in Figure 5.3 are
the maximum absolute values. The seismic design code for railway structures'® introduces
empirical equations to estimate distributions of horizontal ground displacement in the depth
direction under design seismic motions for bedrock as specified in the code. The correspond-
ing commentary explains that the equations are derived through a statistical compilation of

many dynamic analysis results for many ground conditions. Examination of this railway
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placement in the ground

code suggests that the characteristics of L2 motion and Spectral II design seismic motion are
very close to our inputs into the numerical simulations. Therefore, in order to evaluate the
effect of earthquake motion on the foundation as obtained in our seismic simulations from a
practical design point of view, it is very helpful to compare the horizontal displacement of
the ground numerically obtained here to that calculated using the empirical equation given
in the railway code. This calculation from the code turns out to be approximately 0.2 m, so
the ground displacement obtained in Case 1 is of the same order as this value obtained by the
usual design practice for severe earthquakes in Japan. However the displacement obtained in
Case 2 is much more severe than that generally assumed in the seismic design of foundations.

Although there is a sudden increase in ground displacement across the boundary from
the fourth clay layer to the third sand layer, the increment in displacement is small at the
transition from the third sandy layer to the second clay layer. We can also see the same
tendency in the distribution of the maximum shear strain, as is shown in Figure 54.

Several attempts have been made to predict the distribution of seismically induced
horizontal displacement of the ground, as well as to evaluate the relations between ground
profiles and damage locations in piles deep underground. Most treat the ratio of phase ve-

locity Vi in neighboring soil layers as a parameter, because transmission of the shear wave
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causes vibration of the ground. We here follow the same procedure using phase velocities.
Ratios of initial shear wave velocities in our settings are calculated to be 0.88 between the
fourth and third layers and 0.76 between the third and second layers, where the ratios are
obtained by dividing the velocity of the upper layer by that of the lower layer. It is usually
considered that the smaller this ratio, the larger the increment in shear strain, because a small
value indicates low shear rigidity at the upper layer. However, the results for the increment
in shear strain obtained by our finite element analyses show the opposite characteristics. It
is inferred that this disagreement with the usual result is caused by differences in the non-
linear characteristics of clay and sand. Consequently, we need to take into account not only
the ratio of phase velocities in two adjacent soil strata but also the soil prdperties when we
investigate the distribution of seismic ground displacement under level 2 earthquakes or the
relation between soil strata and the distribution of damage to piles deep underground.

We can compare distributions of horizontal displacement and shear strain of the ground
at different horizontal positions in the region between lines A and D in Figures 5.3 and 5.4.
The differences in response are large near the ground surface, but are very small deep under-
ground below GL —15 m. This indicates that the response of the piles near the ground surface
is influenced by the inertia of the superstructure as well as the free ground vibration, and this
affects the ground motions. Deeper below the surface, on the other hand, the displacement of
the piles is mainly caused by seismically induced ground displacement, and does not reflect
on the vibration of the ground.

In addition, shown in Figure 5.5 are distributions of absolute horizontal acceleration in
the ground. In both Cases 1 and 2, the input motions are rapidly reduced in the gravel layer,
are maintained at a constant level in the clay subsoil layer above the gravel layer and are
finally amplified in the subsoil layers near the ground surface again. From the perspectives
of the different horizontal positions at lines A through D, the distributions of the absolute
horizontal acceleration correspond with each other deep underground, but we can see a clear
difference above GL —10 m. In particular, the values on line A are much larger than those on

lines C and D. This also indicates that this difference is due to the response of the foundation
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caused by the inertia of the superstructure.

b) Response and damage to foundation in Case 1

Figure 5.6 compares a number of time histories: horizontal displacement at the ground
surface on line D indicafed in Figure 5.1; horizontal displacement and acceleration of the
superstructure at the position where the inertial force acts; the horizontal acceleration of the
gravity center of pile cap; the bending moment at the bottom of the pier; and the reaction
force at the base of pile No. 4. Here, the lateral force coefficient is defined by the horizontal
acceleration divided by —9.8 m/s?, and the reaction force at the base of pile No. 4 is taken
as positive in compression. Note that the reaction force at the base of pile No. 4 is chosen
as a parameter because it changes according to the overturning moment at the top of the
foundation and thus has a strong relationship with the inertial force of the superstructure.
From this figure, clearly, the motions of superstructure, ground surface, and pile cap are in
the same phase. The timing of the maximum of each parameter is 4.50 s for ground surface
displacement, 5.04 s for the lateral force coefficient of the superstructure, 5.04 s for bending
moment of the pier at the bottom, and 4.90 s for reaction force acting on the pile base,
respectively. Namely, the maxima of the superstructure inertial force and the displacement

of the ground surface are not achieved simultaneously, but, when the lateral force coefficient
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of the superstructure reaches its maximum, the magnitude of ground surface displacement
is almost equal to its own maximum value. Consequently, we can regard the maximum
inertial force from the superstructure and the maximum ground displacement as occurring
simultaneously and in phase.

Next, we discuss the distribution of damage to the pier and foundation during the
earthquake in order to understand the general characteristics of damage distribution in foun-
dations and factors affecting such damage. The bottom of the pier behaves eiastically except
for short periods when it becomes plastic at maximum bending moment. The response duc-
- tility factor of the pier is 1.34, as estimated from the horizontal displacement of the center
of mass of the superstructure where the inertial force is acting. This indicates that we can
assume elastic behavior of the pier on evaluation of the performance of the foundation.

In all piles, tension cracks are observed in the cover concrete over the entire surface.
On the other hand, compressive failure never occurs, and hence no swelling of the reinforce-
ment appears.

As for the longitudinal reinforcement of the piles, Figure 5.7 depicts the distribution
of tensile yielding. The gray lines indicate the reinforcement positions, and the black lines
represent yielded portions. This tensile yielding occurs not only at the pile tops but also near
the boundary of the third sand layer and the fourth clay layer at GL —16 m. The longitudinal
range of this yield region is approximately one pile diameter above and below the boundary.
Moreover, yielding is observed in a narrow band at a position directly above the ground
base layer. Namely, deep underground, the reinforcement yields near the boundary between
different layers, where the vertical distribution of horizontal displacement and shear strain of
the ground abruptly changes.

Similar yielding develops near the boundary between the second and third layers of
soil strata at GL —14 m. But the distributibn of horizontal displacement and shear strain of
the ground does not exhibit a sudden change, as is obvious in Figures 5.3 and 5.4. We can
thus conclude that the primary reason for yielding is not only the effect of ground excitation

but also the abrupt changes in the rigidity and capacity of the piles, since there is a reduction
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in reinforcement at GL —12 m.

The yield zone at the top of the piles differs depending on the position of the pile.
Furthermore, even at the top of the piles, we notice a non-symmetrical distribution of the
yield zone about the longitudinal centerline of the pile. In contrast, at approximately GL
—16 m, there is almost no difference in yield zone among piles, whether near the center or
at the end. These results indicate that the dominant factors governing yield differ depending
on depth; yielding at the top of piles is triggered by the inertial force of the superstructure,
whereas that near GL —16 m is affected by the seismic ground displacement.

Furthermore, compressive yielding occurs in the No. 1 and 4 piles around their cir-
cumference at GL —16 m as well as in the inner parts at the top, as illustrated in Figure 5.7.
Remember that the bending moment in piles is dependent not only on the bending deforma-
tion, but also on the axial force, as the experimental results in Chapter 3 (3) b) show. Thus,
the reason compressive yielding becoming possible only in the reinforcement of No. 1 and
4 piles is thought to be that the axial forces on surrounding piles become larger than that in
the central piles.

Figure 5.8 compares the distributions of absolute values of maximum bending mo-
ment achieved at each position during the earthquake (solid curves) and of absolute bending
moments (dashed curves) when the compressive reaction force at the base of pile No. 4
reaches the maximum; i.e. at # = 4.9 s. The former indicates that all piles experiencé large
bending moments at the top as well as near the boundary between the third sand layer and
the fourth clay layer.

The large bending moments deep below the surface are observed at the location at
which sudden changes in horizontal displacement and ground shear strain appear, as shown
in Figures 5.3 and 5.4, and these are the locations at which the pile reinforcement yields.
These results imply the possibility of establishing a simple prediction method for pile damage
locations without carrying out a sophisticated seismic résponse analysis of the system con-
sisting of pile foundation and foundation ground. That is, by simply referring to a database

of dynamic analysis of foundations under several ground conditions when subject to level 2
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earthquakes, we may be able to determine the positions of possible damage from the phase
velocity profile of the soil strata and the properties of the soil layers; e.g. sandy or clay. |
On the other hand, the dashed curves in Figure 5.8, representing the distribution of
pile bending moment when pile No. 4 reacts to the maximum compressive reaction force,
clearly indicate that there arises almost no matching bending moment with the solid curves
in the No. 1 and 2 piles. Incidentally, Figure 5.9 shows the distributions of axial force in
the piles at that same insfant, revealing that almost no axial force appears in these piles,
either. The time histories of horizontal ground displacement at GL —16 m on the line D,
which correéponds to the solid circle in Figure 5.1, and the sectional forces and curvature
of pile No. 4 at GL ~16.25m are shown in Figure 5.10. In these time hiStories, the bending
moment clearly has different amplitudes in the positive and negative directions depending on
the axial force, while the curvature of the same pile and the horizontal ground displacement
oscillate with almost the same magnitude in both directions. This results from the fact that
the bending moment of the piles is greatly affected by the axial force. As a result, we can

take advantage of employing a fiber element; i.e. the element can automatically take into
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Figure 5.9 Axial force distributions on piles when the reaction force at the base of the No.

4 pile reaches a maximum, ¢ = 4.9 s (Case 1), where tension is positive

account the influence of varying axial force on the mobilized sectional forces of piles.

¢) Response and damage to foundation for Cases 2 and 3

Figure 5.11 shows the state of damage in the Case 2 simulation. Gray lines indicate
the reinforcement. Here, larger numbers of reinforcement bars, compared to Case 1, are
plasticized over the whole pile body, becaﬁse in Case 2 the amount of reinforcement is re-
duced. Furthermore, at locations lower on the pile the damage is much more serious than at
the top, especially near the boundary between the third and fourth soil layers, where some
damage is also observed in Case 1. Near this boundary, it is also apparent that swelling of
the reinforcing bars accompanies compressive collapse of the cover concrete. These kinds
of damage can also be observed in Case 3.

The stress-strain hysteresis curves in Figure 5.12 are for fibers in the outmost rein-
forcement bar, which undergoes swelling, as well as for the cover concrete and core concrete
surrounding this particular reinforcement bar. The moment-curvature hysteresis of the same
element is illustrated in Figure 5.13. This pile experiences instantaneous swelling of the
reinforcement several times during the earthquake at this location. From the results for Case

1, we can conclude that the dominant factor causing this damage is seismic ground dis-
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Figure 5.14 Time history of axial strain of swelled reinforcement (3to8s.)

placement. However, it is not clear from Figure 5.13 that swelling causes a serious loss of
capacity in the pile itself. Figure 5.12 also shows the existence of something like a snap-
through jump due to swelling along a compressive path in the stress-strain hysteresis of the
longitudinal reinforcement. In order to find the cause of this behavior, we examine the time
history of strain at that reinforcement. Figure 5.14 shows such a time history from three
seconds after the initial state for a period of five seconds. As was assumed in Chapter 3,
swelling becomes possible only after a reinforcing bar that has already experienced large

strain accompanied with failure of the cover concrete is subjected to compressive re-loading

102



following unloading. In this case, the strain of the longitudinal reinforcement exceeds the
compressive collapse strain of the cover concrete &, = 0.01044 when the strain suddenly
increases at approximately five seconds. Thereafter, tiny oscillations of strain are perceived.
We can conclude that the cause of the jump mentioned above is a short period of consecutive
unloading and reloading once the strain of the reinforcement exceeds the failure strain of the
cover concrete. Thus, the proposed model does not predict a smooth transfer of stress when
a pile undergoes such a loading history.

Unfortunately, since experimental data for deformation histories of RC members under
the loading paths described above are not available at present, it is not known whether such
a jump can actually occur in the actual stress-strain hysteresis of the reinforcément along
such loading paths in RC members. Looking at a study by Sakai and Kawashima,* we
consider that the appearance of minute uﬁloading—loading oscillations in the fibers is one
of the general numerical characteristics of dynamic analysis of RC members using fiber
elements. However, as will be explained later, the possibility exists that such a jump in the
behavior of the reinforcement may lead to difficulty or instability in dynamic analysis. Thus,
we may need to further improve the hysteresis rule for swelled reinforcement bars. Moreover,
a substantial discussion of the feasibility of fiber elements themselves in the dynamic analysis
of RC members may be necessary.

In order to estimate the effect of serious pile damage deep below the surface on the
dynamic behavior of the structural system as a whole, we begin by comparing the dynamic
response of the superstructure in all numerical cases in Figure 5.15. In addition, for Case 2,
the horizontal response of the superstructure, the ground surface on line D, and the pile cap
are compared in Figure 5.16.

As Figure 5.15 shows, the periods of the Case 2 and 3 responses are longer than that
of Case 1 after the maximum response, which occurs at approximately five seconds. Figure
5.16 shows that the phase difference between superstructure and ground surface in Case 2 is
large, especially after ¢ = 8 s. These results arise because of plasticization of the piles near

the top connection, which is the most critical location as regards supporting the horizontal
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forces imposed by the superstructure, and this makes the global period of the entire structure
T, long. |

Figure 5.17 compares loops of lateral force coefficient versus horizontal displacement
of the superstructure between Cases 1 and 2. Regardless of the development of local strength
loss deep under the surface iﬁ Case 2, the foundation system retains enough restoring strength
for stability. As a result, no phenomenon such as progressive tilting in a particular direction is
observed. There are thought to be two reasons for this behavior. One is that the surrounding
ground can support the horizontal inertial force of the superstructure even after the piles lose
strength. The second is that, since after swelling the damaged portion is forced in the oppo-
site direction by the seismic ground motion, it dose not have a chance to accumulate in only
one direction, so the set of pile and soil maintains an apparent restoring force. Therefore,
displacement does not progress in a particular direction.

In the design of highway bridges, we should assess the serviceability and repairabil-
ity of the structures after an earthquake, as well as the safety thereof. For example, in case
histories of the 1995 Hyogo-ken Nanbu earthquake (Kobe earthquake), piers whose residual

rotation angles exceed 1/60 rad were replaced with newly reconstructed piers," since re-use
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Figure 5.18 Comparison of rotation angles obtained in Cases 1 and 2

was difficult from the perspective of serviceability. As for the estimation of the residual rota-
tion angle of pile foundations, we need to consider the residual deformation of pile members
accompanying material damage, because grouped pile foundations are a kind of frame struc-
ture. As has been shown in the numerical examples of the simulation of an experiment of the
type-2 pile specimen, the numerical model of RC members proposed in Chapter 3 can pre-
dict the hysteresis of the expansion and contraction of a cast-in-place RC pile due to both the
action of varying axial force and the accumulation of damage to that pile. Figure 5.18 shows
the rotation hystereses of the pile cap at its top in Cases 1 and 2. The numerical prediction
of the rotation and displacement of a foundation is a comprehensive problem due to models
of foundation members and soils, in other words, damage to piles and uplift and settlement
behavior of piles (i.e. vertical interaction springs between soil and pile) and lateral soil-pile
interaction (i.e. lateral interaction springs). The hystereses shown in Figure 5.18 do not in-
clude the influence of damage to the connection of the piles to the pile cap, but the proposed
model predicts the contribution of pile damage to the residual rotation and displacement of
foundation systems.

In Figure 5.15, the time histories are broken off at 14 s in Case 2 and at 8 s in Case
3, respectively, because the numerical calculations do not converge at these time steps. The
numerical problem of convergence error arises, possibly as a result of the snap-through jump
in the stress-strain hysteresis curve immediately after the initiation of swelling, as explained

in Figure 5.12. The magnitudes of both acceleration and displacement are so small here
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that we cannot consider the structural instability occurs at these timings. We also suspect
that lack of consideration of the damping effect in the spring at the base of the pile may be
another reason for termination of these calculations, judging from the fact that the response

in Case 3 with a linear spring cuts off much earlier than in the Case 2.

(4) Discussion of seismic design of pile foundations includ-
ing the effect of ground motion and Concluding Re-
marks

Next, on the basis of the numerical results in the previous section, we discuss a method
of seismic design that will prevent severe damage to piles which may otherwise be induced
deep underground by the ground excitation under level 2 earthquake motions.

Our numerical simulations demonstrate that pile foundations designed according to the
current code have adequate resistance to the effects of ground displacerhent, and that bending
damage to piles deep below the surface does not lead to excessive horizontal displacement to
the degree that unseating of the girders will occur. In addition, we can expect higher tough-
ness (i.e. higher ductility capacity) of piles deep under the ground than estimated herein,
because the predetermined strength and ductility capacities in the present numerical exam-
ination are assumed for structural performance in air, although there is actually a confining
effect to the cover concrete by the earth pressure based on the results in the previous chapter.
As far as we know, past reports of earthquake damage show that, even if liquefaction occurs,
the collapse or serious displacement of a pile foundation that is properly designed to with-
stand inertial forces is not possible unless the ground experiences a large horizontal residual
displacement in one particular direction.

Therefore, we can conclude that the seismic design of foundations of highway bridges
requires piles to be primarily designed to resist inerﬁal forces imposed by the superstructures.

If we cannot neglect the effect of seismic ground displacement resulting in damage to piles,
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it is better to carry out the numerical estimation of deformation of the piles subjected to
seismic ground vibration, and to give necessary ductility to the piles which may yield. If,
in practice, design is to be carried out without any sophisticated numerical analysis which is
able to take into account the effects of seismic excitation of the ground, we should specify
certain structural details that will improve the toughness of the piles beyond that given by
the primary design results.

For example, we recommend that reduction of the section or amount of reinforcement
~ should be avoided for a length equal to twice the pile diameter centering on soil strata bound-
aries, and that some additional lateral reinforcement must be specified in these regions. These
kinds of design modifications can be recommended because, based on the seismic response
analysis in the previous section, we can predict to some extent the region of damage in ad-
vance based on standard investigations of the ground; even when reinforcement swelling
occurs deep below the surface, the displacement of the pile itself and pile foundation system
will not increase abruptly in one particular direction as long as the damaged areas remains
able to transfer axial and shéar resultant forces.

Since this formulation is within the framework of the infinitesimal displacement theory
and material nonlinearity of soil is taken into account only by the Ramberg-Osgood model,
the predicted horizontal bearing capacity of the ground may be overestimated. In addition,
analysis of plane strain may cause the loss of some three-dimensional effects. Furthermore,
we have not discussed what effect the input seismic motion characteristics might have on
the numerical results. Hence, further studies of these problems and effects are required in
future. In particular, a study of how to set the ultimate state of pile foundations that undergo
damage deep below the ground as a result of seismic ground excitation should be carried
out by numerical dynamic examinations of foundation responses when the damage is much
greater than obtained in this study.

| We have to consider carefully foundations located close to embankments or revetments
of rivers, canals, and the sea, for example. The foundations and the ground in such situations

will undergo biased loading arising from eccentric earth pressures. If a pile sustains large
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damage, the drawing back of damaged piles by the ground vibration no longer be expected
in these situations, and so the displacement of the pile could accumulate in one direction. In
addition, the horizontal ground reaction intensity from the surrounding soil tends to decrease
when the surrounding soil undergoes one-directional cyclic loading by the pile movement,
rather than reversed type cyclic loading.

Another crucial situation is when lateral movement of the revetment neighboring a
foundation is caused by the lateral spreading of the ground due to liquefaction. The horizon-
tal ground reaction to the foundation will be lost at the revetment side. Even when ground
lateral spreading displacement after an earthquake occurs, there is a possibility that the piles
have already experienced damage deep under ground before starting the lateral spreading,
due to the ground vibration displacement during the earthquake. Tazo et al.*® have pointed

out that a structure could have undergone such damage during a past earthquake.*®
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6. Conclusions

This study has proposed a new numerical model for estimating the structural limit states of
cast-in-place RC pile foundations and other RC pile foundations. The proposed modeling
of concrete beams using fiber elements with a sophisticated constitutive relation can account

for the postpeak behavior of pile members due to reinforcement swelling.

1. With the aim of performing consistent simulations for the mechanical behavior of con-
crete piles from the elastic to postpeak states, a numerical model for RC beams has
been proposed, using fiber elements, which takes into account the effect of reinforce-
ment swelling. The proposed model uses a simple uniaxial constitutive relation for a
reinforcement bar in which a plastic buckling model is used to describe the swelling of
a longitudinal reinforcing bar. In addition, the plastic buckling length of the longitudi-
nal reinforcement bar is regarded as the length of the fiber element in order to avoid the
mesh dependency of finite element results due to the softening in the constitutive rela-
tion. Numerical calculations to verify the accuracy of the propdsed model were carried
out, and the numerical results were compared with experiments of model cast-in-place
RC pile specimens subjected to cyclic horizontal loadings. The proposed model gives
good predictions of relationships of load versus displacement at the point of loading
and the development of damage to piles, including the initiation and evolution of rapid

bending strength loss.

2. An experiment of a model cast-in-place RC pile specimen embedded in sand and sub-
jected to a fully reversed cyclic load was simulated with the proposed model. The

comparison of pile behavior between the experiment and the simulation elucidates an
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excellent agreement up to postpeak region. In addition, the numerical results sug-
gest that the toughness of concrete piles embedded in the ground can be improved
compared to that in air due to the lateral confinement of earth pressures to the cover

concrete.

An example of dynamic analysis is given, which examines the seismic response of a
bridge pier with a cast-in-place RC grouped pile foundation. The proposed model gives pre-
dictions of the evolution of the damage to the piles, including the swelling and the initiation
of the rapid decrease in the bending strength capacity. Based on the results of the dynamic
analysis, a seismic design method for pile foundations that can take into account the effects
~ of ground vibration during earthquakes is discussed.

Recommendations for future research are summarized as follows:

e In the present study, there is no attempt to evaluate the performance of the modeling
of concrete piles considering reinforcement swelling in simulations for a response of
a pile group. We need to examine and improve the accuracy of the proposed model for

the prediction of the behavior of pile groups.

e For the proposed model, there remain several problems to be solved and improved,
particularly related to the conditions under which swelling is initiated. For example,
we should develop a more suitable stress-strain relation for the cover concrete along the
sustaining branch path of the maximum compressive stress, and we should establish a
modeling method for the degrading gradients of such a constitutive law. The hysteretic
mechanism for the stress-strain relation of reinforcing bars in the state immediately

after swelling may need to be improved further.

Further discussions are needed as to how to set the design criteria for the ultimate limit state
accompanying excessive tilting and/or horizontal displacement of pile foundations from the
viewpoint of the foundation system. We need to carry out more numerical analyses using the

proposed models in order to finally clarify the ultimate limit state of bridge foundations.
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A . Finite Element Analysis of Plastic Buckling
Behavior of Longitudinal Reinforcing Bars

Constrained by Core Concrete and Hoop Bars

In the constitutive relation of longitudinal reinforcement bars including swelling proposed in
Chapter 3, the stress-strain path from compression with swelling to expansion passes through
the historical maximum tensile strain point at that time, as depicted in Figure 3.2. This as-
sumes that longitudinal swelled reinforcement bars cannot carry tensile resistance compared
with those in the straight state without swelling because of their kinematic shapes. In this
Appendix, we briefly compare the behavior of swelled reinforcing bars obtained directly by
finite element analysis and the proposed constitutive relation. Two patterns of reversed cyclic
vertical loading are examined.

The type-1 and type-2 pile specimens are referred to again. The finite element model
employed here is the same as that used in the plastic buckling analyses in Chapter 3 (2) with
the length to be analyzed fixed at L = 3s. This length, L = 3s, is also employed in the
numerical simulations for the experiments of the type-1 and type-2 specimens in Chapter 3
(3). We adopt equivalent linear springs for hoops in both types of specimen.

The averaged longitudinal stress-strain hystereses of the longitudinal reinforcing bar
obtained by the finite element analysis are shown in Figure A.1 for the type-1 specimen and
in Figure A.2 for the type-2 specimen, respectively, by solid lines. The averaged stress is
estimated by dividing the vertical load at the loading point by the nominal cross sectional

area of the reinforcing bar, and the averaged strain is estimated by dividing the vertical dis-
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Figure A.1 Comparison between the finite element analysis result and the prediction by
the proposed constitutive model for the behavior of the swelled reinforcing bar

(type-1 pile specimen)

placement at the loading point by length L = 3s. The hystereses drawn by dotted lines are the
stress-strain relationship given by the proposed model. Reinforcing bars carry tensile stress
in RC members, and the coincidence in the tensile loading paths of FEM and the present
model is of significance. The proposed model yields results that are in good agreement with
the FEM results. The proposed model gives less rigidity than the FE results in an unload-
ing path from a compressive loading path along with swelling to zero stréss. However, the
difference in the unloading paths from the compressive loading paths would be of small sig-
nificance in the behavior of RC members because most of the compressive stress would be

carried by core concrete.
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Figure A.2 Comparison between the finite element analysis result and the prediction by the
proposed constitutive model for the behavior of swelled reinforcing bar (type-2

pile specimen)
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B . Effect of Stiffness of Hoop Bars in the Post
Buckling Behavior of a Longitudinal Reinforcing

bar

It is important to estimate precise plastic hinge length in seismic design of beam-columns,
such as piers, piles, and column type foundations. The formation of a plastic hinge region and
the decrease in lateral load resistance in such a region are highly affected by reinforcement
swelling, because the softening of the resistance of reinforcement against bending-tension
leads to that of bending strength and localization of deformation of an RC member. The
swelling length and load resistance of a reinforcing bar depend on the arrangement, but their
characteristics remain unclear.

In this appendix, we conduct numerical analyses for the plastic buckling behavior of
longitudinal reinforcing bars in order to examine the characteristics thereof depending on
~ the hardening ratio of longitudinal reinforcing bars, rigidity and spacing of hoops. We refer
again to the arrangement of type-1 pile specimens as the basic pattern of arrangements to be

examined in this appendix.

(1) Numerical model

The same plastic buckling simulation for a longitudinal reinforcement bar in Chapter

3 (2) is applied here. The differences are as follows:
e A hardening ratio E, /E, is parametrically given from the values of 0, 0.01, and 0.02;
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¢ An elastic spring is assumed to represent the resistance of a hoop. According to Section
(2)a) of Chapter 3, a typical spring constant is k, = 1.7 MN/m for hoops of the type-1

specimen;

e For the distributed spring representing the resistance of core concrete, the values of
1.57 kN/m, 15.7 kN/m, and 9.8 GN/m are given for the compressive spring constants.
The compressive spring constant of 1.57 kN/m is estimated assuming the subgrade
réaction coefficient of deteriorated concrete to be 1 kN/m?, and assuming that one
spacing between two adjacent longitudinal reinforcement bars to be effective to resist
the penetration of a longitudinal reinforcing bar. However, the numerical results are

not sensitive to differences in these three values.

(2) Numerical results

a) Difference in the behavior of a reinforcing bar due to hardening ratio

First, we scrutinize sensitivities of swelling shapes and longitudinal load-displacement
relationships to three hardening ratios E;/E = 0, 0.01, and 0.02. The lengths L of two or
three times the length of the hoop spacing s are examined, and other factors are fixed, where
the spring constant for hoop resistance is k = k,, and the compressive spring constant of the
distributed spring for core concrete is 1.57 kN/m. Figure B.1 depicts the deformed shapes
of L/s = 2 and 3 at an average strain of 5% by solid lines', together with the initial states
by dashed lines. In the cases of L/s = 2, plastic buckling modes change with increase in
the hardening ratio. In short, the effective plastic buckling length becomes longer with the
increase in the hardening ratio. Plastic buckling occurs between layers of hoop when the
values of hardening ratio E /E are the smaller values, 0 and 0.01, while plastic buckling in-
volves both layers of hoop when E; /E is the largest value of 0.02. However, plastic buckling
modes do not change in the cases of L/s = 3s.

The load-displacement relationships are shown in Figure B.2. As the hardening ratio
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Figure B.1 Difference in deformed shape related to changes in the hardening ratio of the

longitudinal reinforcing bar

becomes larger, the degradation of axial load resistance becomes smaller. This holds both
'in the cases of L/s = 2 and 3. It should be noted that although the curves in the case of
E,/E, = 0.02 continue to rise, the displacement level in both graphs is small compared with
Figure 3.9, and the load decreases when further displacement evolves.

Thesé findings indicate that post-buckling behavior is highly dependent on the hard-
ening modulus of the longitudinal reinforcement bar. This also indicates that the bending
stiffness after initial yielding influences the post-buckling behavior, and that employing lon-
gitudinal reinforcing bars of larger diameter demonstrate a longer plastic hinge length if the
same material is considered. This inference is also supported by the experimental results for

piers subjected to cyclic lateral loading, e.g. those reported by Hoshikuma et al.*)

b) Difference in behavior depending on the spacing and rigidity of hoops

Next, plastic buckling behavior is computed under the conditions that the spring con-
stant for hoops is reduced among the cases to be analyzed, but the length L, hardening ratio

E,/Ey, and spring constant of the distributed spring for core concrete are maintained.
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Figure B.2 Difference in normalized load-displacement relationship related to changes in

the hardening ratio of the longitudinal reinforcing bar

Figure B.3 plots the relationships between longitudinal load and displacement normal-
1zed by each buckling mode, where L/s = 3, E;/E = 0.01, and the value of the distributed
spring constant for compressive resistance of core concrete is 9.8 GN/m. The smaller hoop
resistance causes the larger decrease in fiber strength mobilized by reinforcement bars. As is
evident from the deformed shapes shown in Figure B.3, together with the load-displacement
relationships, which are at an average strain of 5%, lateral displacements at hoop positions
decrease as the hoop rigidity increases.

Finally, plastic buckling simulations are executed under the conditions of 80, 40, or
20 mm of hoop spacing, where L = 240 mm, E;/E = 0, and the compreséive distributed
spring constant for core concrete being 9.8 GN/m is assumed. The load-displacement curves
at the loading point and the deformed shapes at an average sirain of 5% are shown in Figure
B.4. The length of each swelling portion is somewhat longer than the length of the hoop
spacing, similar to the results obtained above. However, the important thing is that the
smaller reduction in the vertical resistance of the reinforcing bar is revealed with decrease in

hoop spacing due to shortening of effective plastic buckling length.
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Figure B.3 Differences in normalized load-displacement relationships and plastic buckling

shapes at an averaged strain of 5% depending on hoop resistance
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Figure B.4 Differences in normalized load-displacement relationships and plastic buckling

shapes at an averaged strain of 5% depending on different hoop spacing
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(3) Recommendations for future research

The plastic buckling length of longitudinal reinforcing bars depends on the hardening
bending rigidity of reinforcing bar, hoop resistance, and hoop spacing. As a result, it is
anticipated that reasonable estimations of swelling length of reinforcement and plastic hinge
length are provided based on these factors. In addition, we demonstrate that plastic buckling
analysis is a powerful method by which to estimate plastic hinge lengths as well as swelling
length and the average stress-strain relation of a reinforcement. Furthermore, research on a
reasonable formula of plastic buckling length to use in design practice and a sophisticated
arrangement of reinforcements by which to obtain sufficient toughness of RC members are

expected to be achieved by means of the plastic buckling simulation.
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