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Flexural Strength and Ductility of Extended Pile-Shafts.
II: Experimental Study

Y. H. Chai, M.ASCE,1 and Tara C. Hutchinson, M.ASCE2

Abstract: Results of an experimental program investigating the lateral strength and ductility capacity of reinforced concrete p
presented. Four full-scale reinforced concrete piles with details representative of the current California design were tested under
axial compression and reversed cyclic lateral displacement. Test parameters include confining steel ratio, aboveground heigh
density. Of particular interests are the lateral strength and stiffness of the soil-pile system, depth-to-maximum-moment, and mag
local deformation upon formation of a plastic hinge in the pile. Equivalent plastic hinge lengths were determined using cu
measured along the length of the pile. Test results indicated that the equivalent plastic hinge length of piles is generally longer
of an equivalent base-restrained column. The equivalent plastic hinge length of the pile depends primarily on the aboveground
the pile, but is not overly sensitive to the soil density. Test results also provided the basis for an analytical model presented in a c
paper for assessing the local ductility demand of a yielding pile-shaft.
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Introduction

Seismic performance of a bridge structure depends on the du
ity capacity of its yielding members. For bridge structures s
ported on extended pile-shafts, yielding may occur in the pile
some distance below the ground level. In the case of reinfor
concrete piles, the overall ductility capacity of the structure
pends on the local ductility capacity of the pile, which must
adequately confined to ensure a ductile behavior. Although
quirements for transverse reinforcement in concrete piles
quently follow that of reinforced concrete columns, the distrib
tion of bending moment in the pile is more gradual compared
that in an equivalent base-restrained column. This is due to
surrounding soil, which extends the zone of plasticity in the p
and therefore provides a larger ductility capacity to the pile.
addition to a larger spread of curvature, the lateral restraint
vided by the surrounding soil may also increase the ultimate c
pressive strain of the concrete, thereby increasing the ultim
curvature that can be tolerated by the pile.

Although analytical studies have shown that the equival
plastic hinge length of concrete piles varies from one to two p
diameters depending on the soil stiffness and aboveground h
~Priestley et al. 1996; Budek et al. 2000!, very few tests have
been performed to verify such results. Ductility capacity of re
forced or prestressed concrete piles is frequently assessed wi
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a soil medium with the pile loaded transversely in a statica
determinate configuration~Sheppard 1983; Park and Falcon
1983; Banerjee et al. 1987; Budek 1997!. A predetermined bend
ing moment distribution, estimated from a soil-pile interacti
analysis, is imposed on the pile to simulate the action of the
on the pile. The actual interaction between the soil and pile, h
ever, represents a highly indeterminate system with possible
distribution of bending moment upon yielding of the soil and pi
The predetermined bending moment, as commonly assumed
structural testing of piles, does not allow for such redistribut
and may represent too severe of a condition for assessing
ductility capacity of the pile. This paper presents the results o
test program conducted on full-sized reinforced concrete p
embedded in a cohesionless soil. The test program was inte
to provide the experimental basis for an analytical model p
sented in a companion paper~Chai 2002! for assessing the flex
ural strength and ductility capacity of an embedded pile. Part
lar emphasis of the testing was placed on characterization of
local inelastic deformation and the equivalent plastic hinge len
of the pile.

Experimental Program

The experimental program consisted of lateral load testing of f
full-scale~406 mm diameter! reinforced concrete piles embedde
in two different soil conditions: loose dry sand and dense
sand. In addition to the variation of soil density, abovegrou
heights of 6D and 2D, where D5diameter of the pile, were
tested to investigate the influence of the bending moment grad
on the pile curvature distribution and the associated plastic hi
length. Table 1 summarizes the main test parameters including
confining steel ratio of the test pile and density of the test so

Test Setup

Fig. 1 shows the test setup for the soil-pile interaction test. T
test pile was embedded in a large soil container, which ha
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diameter of 6.71 m and a depth of 5.49 m. The soil container
designed to have a radius larger than 6D between the pile and
container wall in order to minimize the influence of the bounda
wall on pile response~Park et al. 1987!. The embedded length o
the pile was 13.5D, which was sufficiently long to develop a
equivalent fixed-base cantilever response even in a loose soil
dition. The axial compression on the pile was applied using
high-strength steel tie-down rods, each stressed by a cente
hydraulic jack. The tie-down rods were allowed to move fre
inside two vertical culverts on each side of the soil container. T
axial force applied to the test piles wasP5445 kN, correspond-
ing to a nominal axial stress level of 0.1f c8 , where f c85uniaxial
compressive strength of concrete. The lateral force on the
was provided by a long-stroke double-acting actuator reac
against a large-capacity reaction block.

Test Pile Details

Reinforcement details for the test pile were representative of
California Dept. of Transportation~Caltrans! current design for
620 kN ~70 ton! piles, with the exception of the transverse re
forcement where the confinement ratio was varied. Fig. 2 sh
the reinforcement details for the test pile, where the longitud
reinforcement was provided by seven Grade A706F22 bars (db

522.2 mm), representing a longitudinal reinforcement ratio
r l52.1%. A clear cover of 50 mm was provided for the longit
dinal reinforcement. The test pile was confined by a continu
spiral of MW25 or MW45 smooth wire~dsp55.4 or 7.3 mm,
respectively! at 50 mm pitch. For the test pile with an abov
ground height of 2D, MW25 spiral was used to provide a con
fining steel ratio ofrs50.57%, or about one-half of that require
by ATC-32 ~1996!. For the test pile with an aboveground heig
of 6D, MW45 spiral was used to providers51.06%, which was
close to the confining steel ratio required by ATC-32~1996!.

Table 1. Test Matrix

Pile
No.

Aboveground
height

Soil
density

Confining steel
ratio

1 2D dense 0.57%
2 2D loose 0.57%
3 6D dense 1.06%
4 6D loose 1.06%

Fig. 1. Soil-pile interaction test setup
596 / JOURNAL OF STRUCTURAL ENGINEERING / MAY 2002
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The stress–strain curve of the longitudinal steel was cha
terized by a well-defined yield stress off y5421 MPa, whereas
the transverse steel did not have a well-defined yield stress
0.2% offset strain, the equivalent yield stress of the MW25 tra
verse steel was 710 MPa, while that of the MW45 transverse s
was slightly lower at about 605 MPa. Test piles were construc
in pairs resulting in the uniaxial compressive strength of the c
crete being nearly equal for the pair of piles at the time of testi
For the first pair of piles with an aboveground height of 2D the
compressive strength of the concrete wasf c8541 MPa, whereas
for the second pair of piles with an aboveground height of 6D the
compressive strength was slightly higher withf c8547.5 MPa.

Test Soil Properties

A locally available river sand was used as the test soil. The p
ticle size distribution, based on two sieve analyses of the test
is shown in Fig. 3. The median grain size was about 0.5 to
mm, the coefficient of uniformity was about 4.4, and the coe
cient of curvature was about 0.9. The test soil can be classifie
clean, poorly graded sand~SP! in accordance with the Unified
Soil Classification System~USCS!, with about 3% fines~% pass-
ing No. 200 sieve! and no gravel~0% retained on No. 4 sieve!.

In terms of installation procedure, the test pile was inserted
a precast unit in the soil container before placement of the
and was supported vertically by end-bearing on the base slab
the dense sand condition, the soil was compacted in 150 mm
using a vibratory flat-plate compactor~weight between 1.8 and
1.6 kN! with three compaction passes per lift. For the loose s
condition, the soil was compacted in 230 mm lifts with a sing

Fig. 2. Reinforcement details for test piles

Fig. 3. Particle size distribution for test soil
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pass per lift. Density and moisture content were measure
every other lift using a nuclear density gage to ensure a unif
compaction of the soil. For the dense sand, average wet den
over the full depth of the container were 18.0 and 18.2 kN/m3 for
the pile with above heights of 2D and 6D, respectively. For the
loose sand, average wet densities were similar for both ab
ground heights at 17.0 kN/m3. The in-place moisture content gen
erally varied between 5 and 8% for the four tests.

The in-place mechanical properties of the soil were charac
ized by cone penetrometer tests~CPT! and shear wave velocity
soundings. Four CPT soundings were taken per pile at locat
near midway between the test pile and wall of the container.
4 shows the variation of the measured tip resistance,qc , with
depth for all four pile tests. The average tip resistance was fa
uniform with depth and had values of approximately 14.6 a
10.8 MPa for the dense sand and 3.6 and 4.5 MPa for the lo
sand. To correct for the influence of overburden pressure on
measured tip resistance, the tip resistanceqc was normalized
using the Liao and Whitman~1986! procedure. The normalize
tip resistance is given byqc15CNqc , whereCN5APa /sv8 with
reference pressurePa50.1 MPa,sv85effective overburden pres
sure, andCN limited to a maximum value of 2.0. In the upper 1–
m, the normalized tip resistanceqc1 averaged 25 and 18 MPa fo
the piles in dense sand and approximately 6 and 7 MPa for
piles in loose sand. Using these normalized tip resistances,
tion angles of the test soil were estimated to bef̄544° and 42°
for the dense sand andf̄537° and 38° for the loose sand~Mair
and Wood 1987!. Based on the average value of the corrected
resistance, relative densities of the in-place sand,Dr , were esti-
mated to be 94% and 84% for the dense condition~first and third
piles!, and 53% and 59% for the loose condition~second and
fourth piles! ~Meyerhof 1956!.

Fig. 4. Measured cone penetrometer tests tip resistances
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Shear wave velocities were also measured for the compa
sand at depths of 1.5, 3.1, and 4.6 m. These velocities were
tended to provide a secondary means of characterizing the
place soil properties. In general, shear wave velocities for
loose sand were about 30–40% lower than that of the dense s
Similar to the correction for CPT tip resistance, the measu
shear wave velocityvs was also corrected for the influence o
overburden pressure. Using the procedure outlined by Rober
et al. ~1992!, the corrected shear wave velocityvs1 is given by
vs15vsCvs , where Cvs5A4 Pa /sv8 with Pa50.1 MPa and
sv85effective overburden pressure as before. The corrected s
wave velocities were 276 and 261 m/s for the dense sand and
and 186 m/s for the loose sand. Table 2 summarizes the in-p
soil properties for the four tests, whereqc5average measured tip
resistance,qc15average normalized tip resistance,Dr5relative
density,f̄5friction angle,vs5measured shear wave velocity, an
vs15normalized shear wave velocity. Note that the shear w
velocity in Table 2 was based on the average value of four sou
ings per test.

Fig. 5. Deformation and failures of test piles

Table 2. Summary of In-Place Sand Properties

Pile
No.

qc

~MPa!
qc1

~MPa!
Dr

~%!
f̄

~deg!
vs

~m/s!
vs1

~m/s!

1 14.6 24.7 85 44 238 276
2 3.6 6.1 54 37 147 171
3 10.8 18.2 79 42 225 261
4 4.5 7.4 56 38 160 186
JOURNAL OF STRUCTURAL ENGINEERING / MAY 2002 / 597



Fig. 6. Lateral force versus lateral displacement response of test piles
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Observations and Results

Damage Characteristics of Test Piles

The lateral force or displacement imposed at the top of the
resulted in a maximum bending moment and plastic hinge oc
ring below the ground level. The depth-to-maximum-mome
and hence the location of the plastic hinge, depends on the ab
ground height and density of the soil, and these depths w
found to vary from 1.25D to 3.3D. In general, a fairly large soi
gap developed around the pile at relatively small lateral for
Minor flexural cracking was noted in the pile above the grou
particularly for the taller pile. Damage in the pile below groun
however, was generally difficult to observe during testing. Af
each test, the soil on one side of the pile was carefully excav
to allow an examination of the final pile damage. Despite
fairly low confining steel ratio in two of the test piles, ducti
flexural failure was observed in all four tests with fracture of t
transverse spiral noted in three of the four tests. Fig. 5 shows
deformation of the test pile during testing and the observed fi
pile damage after excavation. Details of the damage charact
tics of test piles are described in Chai and Hutchinson~1999!.

Lateral Force versus Lateral Displacement

The global response of the pile, as characterized by the la
force versus lateral displacement hysteresis loops, is show
Figs. 6~a and b! for the pile with aboveground heights of 2D and
598 / JOURNAL OF STRUCTURAL ENGINEERING / MAY 2002
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6D, respectively. The lateral force on they axis has been cor-
rected for the horizontal component of the vertical force due to
interaction between the vertical and horizontal loading system
the test setup. Note that the lateral displacement in Figs. 6~a and
b! corresponds to the displacement at the point of lateral fo
application, i.e., at the top of the pile, and the displacement d
tility factor mD has been defined in terms of an equivalent el
toplastic yield displacementDy , which was determined by ex
trapolating the lateral displacementDy8 at the theoretical latera
yield forceVy to the maximum lateral forceVmax. The theoretical
lateral yield forceVy of the soil-pile system was estimated usin
the first-yield moment of the pile section while taking into a
count the confinement effect of the transverse reinforcem
~Mander et al. 1988!. The estimated first-yield lateral forceVy ,
measured maximum lateral forceVmax, first-yield lateral displace-
mentDy8 , elastoplastic yield displacementDy , and secant latera
stiffness of the soil-pile systemKsp are summarized in Table 3

Table 3. Summary of Soil-Pile Lateral Response

Pile
No.

Vy

~kN!
Vmax

~kN!
Dy8

~mm!
Dy

~mm!
Ksp

~kN/m!
nh

~kN/m3!

1 105.8 124.5 52.4 61.7 2018 9798
2 97.0 124.1 68.2 87.2 1423 4508
3 43.3 52.9 73.3 89.6 590 12333
4 40.1 44.7 107.3 119.6 374 2609
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Note that the secant lateral stiffness of the soil-pile systemKsp has
been defined using the first-yield limit state of the pile and
given byVy /Dy8 .

Test Piles with Aboveground Height of 2D
The lateral force versus lateral displacement response of the
with an aboveground height of 2D was relatively stable, as can b
seen in Fig. 6~a!. The lateral yield force was estimated to beVy

5105.8 and 97.0 kN for the pile in dense and loose sands
spectively, and their corresponding elastoplastic yield displa
ments wereDy561.7 and 87.2 mm. The maximum displaceme
imposed on the pile in dense sand wasDmax5253 and2255 mm,
which corresponded to a displacement ductility factor ofmD

54.1. During the first cycle to the maximum displacement,
pile in dense sand showed a 42% degradation of lateral stre
compared to the peak horizontal force in the push direction an
46% degradation of lateral strength in the pull direction. For
pile in loose sand, a larger lateral displacement ofDmax5340 and
2362 mm, or corresponding to a displacement ductility factor
mD53.9 and 4.1, was imposed. Despite the larger lateral displ
ment, the pile in loose sand exhibited a lesser degradatio
lateral strength in the first cycle to the maximum displaceme
with approximately 28% and 21% degradation of lateral stren
~compared to the peak force! in the push and pull directions
respectively. Note that the maximum horizontal force of the p
with an aboveground height of 2D was approximately equal fo
both dense and loose sands, even though the tip resistance
loose sand was about 1/3 that of the dense sand. The maxi
horizontal force wasVmax5128.2 and2120.7 kN for the pile in
dense sand, whereas the maximum horizontal force wasVmax

5123.6 and2124.5 kN for the pile in loose sand. The near equ
maximum horizontal force of piles in dense and loose sands
dicated that the lateral strength of the soil-pile system tende
be dominated by the flexural strength of the pile rather than by
strength of the soil.

Test Piles with Aboveground Height of 6D
Fig. 6~b! shows the lateral force versus lateral displacement
sponse of the pile in dense and loose sands with an abovegr
height of 6D. The increased flexibility of the pile due to a larg
aboveground height showed a pronounced influence ofP2D mo-
ment on the pile’s lateral response. The effective lateral stren
of the soil-pile system was significantly reduced by the prese
of the secondary moment. The effective lateral yield force w
estimated to beVy543.3 kN for the pile in dense sand andVy

540.1 kN for the pile in loose sand. The experimental elastop
tic yield displacement, averaged for the two directions of loadi
wasDy589.6 mm for the pile in dense sand andDy5119.6 mm
for the pile in loose sand. For the pile in dense sand, the m
mum lateral force wasVmax552.5 and253.3 kN, whereas the
maximum lateral force for the pile in loose sand wasVmax

545.3 and244.1 kN. These maximum lateral forces were me
sured at displacement ductility factors ofmD51.5 for the pile in
dense sand and atmD51.6 and 1.5 for the pile in loose sand. Th
significant influence ofP2D moment on pile response can b
seen by comparing the effective lateral force at different displa
ment ductility factors. For example, for the pile in dense sand,
lateral strength atmD54.6 was only 12% of the maximum latera
force, whereas for the pile in loose sand, the lateral strengt
mD53.3 was 26% of the maximum lateral force.

The lateral force versus lateral displacement response of
pile with an aboveground height of 6D indicated a reversal in the
direction of lateral force in the final few cycles, as can be see
e

-

h

-
f

e

d

t

e

Fig. 6~b!. The lateral force reversed when the lateral displacem
imposed by the actuator exceeded the limiting displacement
mitted by theP2D moment. Such loading condition, howeve
was artificial since the actuator restrained the pile from furt
displacement, and hence prevented the pile from failure by o
turning. The limiting displacement permitted by theP2D mo-
ment, however, can be estimated using the ultimate flex
strength of the pile and the axial force acting on the pile

D lim'
M p

P
(1)

whereM p5ultimate flexural strength of the pile andP5vertical
force. Note that in estimating the limiting displacement by E
~1!, the lateral resistance of the soil has been ignored. Substitu
the flexural strength of the pileM p'214 kN m and vertical force
P5445 kN into Eq. ~1!, the limiting displacement isD lim

5480 mm for both piles with an aboveground height of 6D. It
can be seen from Fig. 6~b! that the calculated limiting displace
ment D lim is very close to the displacement where the effect
lateral force crosses over the horizontal axis for both dense
loose sand conditions.

Curvature Distribution in Piles

Of particular importance in the characterization of the inelas
response of piles is the magnitude of the local deformation u
formation of a plastic hinge. The local deformation can be ch
acterized in terms of the curvature distribution along the length
the pile. Figs. 7~a and b! show the measured curvature distrib
tion for all four test piles for displacement ductility factors fro
mD51.2 to 3.1. Although the measured curvature distribut
showed a considerable variation, the region of maximum flexu
deformation was fairly well defined. It is worth noting that, upo
integrating the curvature distribution in Figs. 7~a or b! twice, the
resulting displacement was within 18% of the lateral displa
ment measured at the top of the pile. The technique for measu
the curvature distribution of piles below the ground level are d
cussed in Chai and Hutchinson~1999!.

For the pile with an aboveground height of 2D and embedded
in dense sand, the maximum curvature was measured at a d
of 2.4D even though the most severely damaged region of the
occurred slightly deeper at a depth of 2.69D. The maximum cur-
vature was 15431023 rad/m and was measured at a displacem
ductility factor of mD52.7. For the pile with an abovegroun
height of 2D and embedded in loose sand, the maximum cur
ture occurred at a depth of 3.4D, which was very close to the
most severely damaged region of the pile. The maximum cu
ture was 16731023 rad/m and was measured at a displacem
ductility factor ofmD52.8. Using an elastoplastic yield curvatu
of fy513.1131023 rad/m, which was estimated from a momen
curvature analysis of the pile section, these curvatures co
sponded to a curvature ductility factor ofmf511.7 and 12.7 for
the pile in dense and loose sands, respectively. Thus the rat
local curvature ductility factor to global displacement ductili
factor was 4.3 for the pile in dense sand and 4.5 for the pile
loose sand. Note that the curvature distribution for the pile
loose sand showed a more gradual decrease of curvature
depth below the section of maximum curvature when compare
that of the pile in dense sand. The reduced stiffness of the lo
soil enabled a larger spread of curvature below the section
maximum curvature.
JOURNAL OF STRUCTURAL ENGINEERING / MAY 2002 / 599



Fig. 7. Curvature distributions in test piles
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For the pile with an aboveground height of 6D and embedded
in dense sand, the maximum curvature was measured at a d
of 2.1D and was about 1D deeper than the depth where the mo
severely damaged region of the pile was observed. A maxim
curvature of 11431023 rad/m was measured at a displaceme
ductility factor of mD53.1. For the pile with an abovegroun
height of 6D and embedded in loose sand, the maximum cur
ture occurred at a greater depth of 2.3D. This depth, however
agreed well with the depth where the most severely dama
region of the pile was noted. In this case, the maximum curva
was 12831023 rad/m and was measured at a displacement d
tility factor of mD53.0. Using an elastoplastic yield curvature
fy513.3031023 rad/m, these curvatures corresponded to a c
vature ductility factor ofmf58.6 and 9.6 for the pile in dense an
loose sands, respectively. Thus the ratio of curvature duct
factor to displacement ductility factor was 2.8 for the pile
dense sand and 3.2 for the pile in loose sand. It should be n
that the elastoplastic yield curvature of the pile with an abo
ground height of 6D was slightly different from that of the pile
with an aboveground height of 2D due to a different confining
steel ratio and slightly different concrete compressive strengt
is also worth noting that the curvature distribution for the p
with an aboveground height of 6D was more gradual due to
smaller moment gradient, resulting in the curvature distribut
600 / JOURNAL OF STRUCTURAL ENGINEERING / MAY 2002
th

d

extending to a greater depth when compared to that of the test
with an aboveground height of 2D.

Equivalent Plastic Hinge Length

An objective of the experimental program was to determine
equivalent plastic hinge length of the reinforced concrete p
when embedded in a soil medium. This can be achieved using
measured curvature distribution shown in Figs. 7~a and b!. By
assuming a concentrated plastic hinge rotation at the dept
maximum bending moment, the normalized plastic hinge lengt
given by Chai~2002!

lp[
Lp

D
5

Dy~mD21!

~La1Lm!~mf21!fyD
(2)

where Lp5equivalent plastic hinge length;La5aboveground
height;Lm5depth-to-maximum-moment;mD5displacement duc-
tility factor; mf5curvature ductility factor;fy5equivalent elas-
toplastic yield curvature; andDy5equivalent elastoplastic yield
displacement. Fig. 8 shows the normalized plastic hinge lengthlp

versus the displacement ductility factor formD51.2– 3.1. The
equivalent plastic hinge length was relatively constant with
spect to the displacement ductility factor and was not very se
tive to the change in soil density. For the test pile with an abo
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ground height of 2D, the equivalent plastic hinge length wa
about 20% larger than one pile diameter. The equivalent pla
hinge length, however, depended on the aboveground height
the pile with an aboveground height of 6D, the equivalent plastic
hinge length was larger due to a smaller moment gradient, w
in turn resulted in a more gradual distribution of curvature. In t
case, the equivalent plastic hinge length averaged 1.58D.

Horizontal Subgrade Reaction

The measured lateral stiffness of the soil-pile systemKsp, as sum-
marized in Table 3, can be used to estimate the depth-to-fixityL f

of an equivalent fixed-base cantilever. By equating the lat
stiffness of the soil-pile system to the lateral stiffness of the c
tilever, the rate of increase of horizontal subgrade reactionnh can
be estimated. The resulting value ofnh , which is also summa-
rized in Table 3, is small relative to typical values recommend
in the literature, e.g., ATC-32~1996!. The recommended value o
nh , however, should be interpreted as a value intended for w
ing stress design where the lateral load level may be as low a
of the ultimate lateral strength. The definition of the yield lim
state for the soil-pile system, on the other hand, should be b
on first flexural yielding of the reinforcement in the pile~Chai
2002!, which is only reached after a substantial deformation
the soil. Thus the value ofnh recommended for working stres
design should be reduced when assessing the ductility capac
the pile. From the limited data in this test program, 75% reduct
in the value ofnh appears appropriate.

Comparison with Kinematic Model

Figs. 9~a–d! show the plot of measured curvature ductility facto
and their comparisons with the curvature ductility factor sim
lated by the analytical model presented in Chai~2002!. In simu-
lating the local curvature ductility demandmf , the value ofnh

from Table 3 was used and the depth-to-maximum-moment
taken to be equal to the depth of the most severely dama
region of the pile. Equivalent plastic hinge lengths ofLp51.2D
andLp51.6D were used for the pile with aboveground heights
2D and 6D, respectively. It can be seen from Fig. 9 that t
experimental curvature ductility factormf increases almost lin-
early with the displacement ductility factormD . For the pile with
an aboveground height of 2D, the kinematic model underpredic

Fig. 8. Experimental equivalent plastic hinge length
r

4

d

f

d

the curvature ductility demand by about 20%, for both dense
loose sands. For the pile with an aboveground height of 6D and
embedded in dense sand, the model provides a fairly good
diction of the curvature ductility demand up to a displacem
ductility factor of mD53.1. For the pile with an abovegroun
height of 6D but embedded in loose sand, however, the mo
overpredicts the curvature ductility demand by about 24% a
displacement ductility factor ofmD52.7 and by about 38% at a
displacement ductility factor ofmD53.1. As the simulation of
local deformation in a reinforced concrete member is gener
difficult, the estimation of local curvature ductility demand by t
kinematic model seems fairly reasonable.

Conclusions

Current seismic design of bridges is based on an assumed du
response of the structure. While the foundation system for m
bridge structures may be designed to remain elastic with st
tural yielding limited to the aboveground portion of the structu
for bridge structures supported on extended pile-shafts, inela
deformation of the pile-shaft below the ground level may not
avoidable during a severe earthquake. For performance evalu
of such structures, an assessment of the local ductility deman
the yielding pile-shaft is important.

Results of an experimental program to investigate the
ground plastic hinging characteristics of reinforced concrete p
are presented in this paper. Four full-scale reinforced conc
piles with aboveground heights of 2D and 6D, and embedded in
loose and dense dry sand conditions, were tested under comb
axial compression and reversed cyclic lateral displacement. D
tile flexural behavior was observed for all test piles despite
fairly low confining steel ratio in two of the test piles. Test resu
indicated that the lateral strength of the soil-pile system was
very sensitive to the soil density and was dominated by the fl
ural strength of the pile. The equivalent plastic hinge length,
termined using curvatures measured along the length of the
indicated that the plastic hinge length varied between 1.2D and

Fig. 9. Comparison between experimental and theoretical curva
ductility demand
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1.6D and was not sensitive to the soil density or displacem
ductility factor. However, the equivalent plastic hinge length
creases with an increase in the aboveground height due to a
gradual distribution of bending moment in the taller pile.

The influence of P2D moment on the lateral force
displacement response of the pile may be significant for tall pi
Based on the observed response of the test pile with an ab
ground height of 6D, instability failure may occur before fractur
of the confining steel. Further research is, however, neede
characterize the influence ofP2D moment on the lateral re
sponse of extended pile-shafts, particularly under dynamic co
tions.
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