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Abstract

This study aims to analytically assess the seismic performance of reinforced concrete bridge piers with lap splices in longitudinal reinforcing
bars, and to provide data for developing improved seismic design criteria. The accuracy and objectivity of the assessment process can be enh
by using a sophisticated nonlinear finite element analysis program. A computer program, RCAHEST (Reinforced Concrete Analysis
Evaluation System Technology), is used to analyze reinforced concrete structures. Models for material nonlinearity include tensile, co
and shear models for cracked concrete and a model of reinforcing steelincorporating the smeared crack approach. A lap spliced bar elem
is newly developed to predict the inelastic behaviors of lap splices. The proposed numerical method for the seismic performance ass
reinforced concrete bridge piers with lap splices is verified by comparing the analytical results with test data developed by the authors.
c© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent earthquakes extensively damaged highway bridge
structures. These structural failures revealed many structur
deficiencies in bridges constructed before the new seis
design codes were established. In particular, reinfor
concrete bridge piers with lap splices have contributed to
catastrophic collapse of many bridges. The poor detailing of
column lap spliced bars compounded the problem of seis
deficiency [1–3].

Lap splices in the plastic hinge zones, such as the bas
the bridge piers, should not be used. However, the use of
splice of longitudinal reinforcing bars at the base of brid
piers is sometimes practically unavoidable. Thesedeficiencies
result in a high potential for flexural strength degradation a
ductility in the event ofan earthquake. As a result of the dama
that occurred to older bridges in recent earthquakes, m
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efforts are being directed towards developing and apply
retrofit strategies to upgrade the seismic performance of o
bridges [1–3].

The principal objective of this study is to provid
basic knowledge on the seismic performance of reinfor
concrete bridge piers with lap splices in the plastic hin
region. An evaluation method for determining the seism
performance of reinforced concrete bridge piers with
splices is presented. This method uses a nonlinear fi
element program (RCAHEST, Reinforced Concrete Analy
in Higher Evaluation System Technology), developed by
authors [4–8]. A lap spliced bar element is newly incorporat
into the structural element library for RCAHEST to predict t
seismic behavior of reinforced concrete bridge piers with la
splices of longitudinal reinforcing bars in the plastic hinge zo

The lap spliced bar element is developed to consider
inelastic behavior by lap splices. The validity of existi
equations [1] for calculating the maximum bar stress (or bo
strength of lap splice) at failure along the splice length
examined. Then a simple model is used to provide reason
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(a) Orientation of reinforcing bars and crack
plane.

(b) Mohr circle representation of stress state in
concrete.

Fig. 1. Tensile stress in concrete in the direction normal to the crack plane

predictions of the seismic response of reinforced conc
bridge piers with inadequate length of lap splices at the colu
to-foundation connection.

Experimental and analytical results show that even un
low or moderate earthquakemotions, bridge pier ductility
significantly decreases because of bond failure in the lap
splices of longitudinal reinforcing bars in the plastic hin
zone. Nonlinear analysis results for various reinforced concret
bridge piers with lap splices subjected to seismic loading ag
well with the test data developed by the authors. For the seismi
performance assessment, the displacement ductility capac
also computed for bridge piers with lap splices.

2. Nonlinear material model for reinforced concrete

The nonlinear material model for reinforced concrete
composed of the models for concrete and a model
the reinforcing bars. Models for concrete may be divid
into models for uncracked concrete, which is isotropic, a
for cracked concrete. For cracked concrete, three mo
representing the behavior of concrete in the direction nor
to the crack plane, in the direction of the crack plane
and in shear direction at the crack plane, respectively, w
adopted. The basic and widely-known model adopted
crack representation is based on the non-orthogonal fixed-c
method of the smeared crack concept. The approach using th
model is practical for cyclic loading whose history needs
be recorded. This section summarizes the models used in this
study, and more details are provided in references [5,6,8].

2.1. Model for uncracked concrete

The elasto-plastic and fracture model for the biaxial s
of stress proposed by Maekawa and Okamura [9] is used as
te
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Fig. 2. Equivalent stress-equivalent strain relationship for concrete durin
unloading and reloading.

the constitutive equation for uncracked concrete. For uncrac
concrete, the nonlinearity, anisotropy, and strain soften
effects are expressed independent of the loading history.

2.2. Model for cracked concrete

The stress–strain relations are modeled by decomposin
stress and strain in directions parallel to, along, and nor
to cracks, respectively. Thus, the constitutive law adopted
cracked concrete consists of tension stiffening, compres
and shear transfer models.

A refined tension stiffening model is obtained b
transforming the tensile stresses of concrete into a compo
normal to the crack. With this refined model, improved
accuracy is expected, especiallywhen the reinforcing ratios
in the orthogonal directions are significantly different an
when the reinforcingbars are distributed only in one directio
(see Fig. 1). The model proposed by Shima et al. [10] is
basically used as the tension stiffening model for unloading
reloading.

A modified elasto-plastic fracture model [11] is used to
describe the compressive behavior of concrete struts in betw
cracks in the direction of the crack plane. The model modi
the fracture parameter in terms of the strain perpendicula
the crack plane to describe the degradation in compres
stiffness (seeFig. 2). Cyclic loading damages the inner concre
and energy is dissipated during the unloading and reloa
processes.

The shear transfer model based on the contact sur
density function [12] is used to consider the effect of shea
stress transfer due to the aggregate interlock at the crack
surface (seeFig. 3). The contact surface is assumed to resp
elasto-plastically. The model is applicable to any arbitr
loading history. As the shear transfer model for unloading an
reloading, the model modified by the authors [6] is used.

2.3. Model for the reinforcing bars in concrete

The stress acting on the reinforcing bar embedded
concrete is not uniform and becomes maximum at locati
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Fig. 3. Shear stress transfer through crack surface in concrete.

Fig. 4. Yield condition for reinforced concrete.

where the bar is exposed to a crack plane. The constit
equations for the bare bar may be used if the stress–s
relation remains in the elastic range. The post-yield constitu
law for the reinforcing bar in concrete considers the b
characteristics, and the model is a bilinear model (seeFig. 4).

Kato’s model [13] for the bare bar under reversed cyc
loading and the assumption of stress distribution describe
a cosine curve were used to derive the mechanical behavio
reinforcing bars in concrete under reversed cyclic loading.

For reinforcing bars under extreme compression, the lat
bar buckling tends to occur, which greatly affects the post p
behavior and member ductility. To account for the buckling
of reinforcing bars, the average stress–strain behavior
concrete crushing is assumed to be linearly decreasing
the 20% average steel stressis reached. This relation ha
been derived from a parametric study by using finite elem
analysis [8].

2.4. Models and assumptions for the interface

The local discontinuous deformation, which is a p
of the anchorage slip, shear slip at the joint plane,
penetration at the joint plane, occurs according to the stiffnes
changing rapidly in the column and foundation etc. (
Fig. 5). The effects of local discontinuities are differe
according to the structural dimensions, and their effects on th
load–displacement relations for the reinforced concrete bridg
piers should be included in the analysis. Therefore, in orde
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Fig. 5. Three types of localized discontinuous deformation at boundary plan

predict the response of the structures at the boundary plane
accuracy, the interface element is required.

The interface model is based onthe discrete crack concep
The strain–slip relation proposed by Shima et al. [10] is used as
the analytical model for the pulling-out of reinforcing bars from
the base caused by the tension in steel. The model for closure
at the joint plane also considers the effect of the localized st
distribution. The shear slip model is derived from the Li a
Maekawa model [12] of the reinforced concrete plane stre
element.

2.5. Confinement in concrete by reinforcements

The transverse reinforcements confine the compre
concrete in the core region and inhibit the buckling of
longitudinal reinforcing bars. In addition, the reinforceme
also improve the ductility capacity of the unconfined concre

This study adopted a model proposed by Mander et al. [14].
The models consider the yield strength, the distribution ty
and the amount of the longitudinal and transverse reinfor
bars to compute the effective lateral confining stress an
the ultimate compressive strength and strain of the confi
concrete.

3. Model for the lap spliced bar

A reinforced concrete bridge pier with lap splices at
section of maximum moment can lose its lateral load resista
due to bond failure of the splice in the plastic hinge zo
The subsequent response is characterized by rapid stre
degradation and very narrow energy dissipation loops.
accurately predict the global behavior of this type of bridge pier
with inadequate splice at its base, two fundamental analy
tools are needed. The first isa nonlinear finite element analysis
program that can be used to determine the stress tra
conditions in and around the lap spliced bars. The secon
a bond stress–slip relationship describing the anchorage o
dowel bars in the reinforced concrete bridge pier.

3.1. General

The force-transfer mechanism in conventional lapsplices is
quite complex. However, the strength of the lap splices can
understood by considering the mechanism of failure.
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The behavior of lap splices under cyclic loading is differ
from that for splices under monotonic loading or repea
unidirectional loading. Some of the earliest research w
relevant to splice behavior under repeated and reversed c
loading, was carried out by Fagundo et al. [15]. Their work
centered mainly on the influenceof load history and the effect
of varying levels of confinement on the strength and ductility
lapped splices in the constantmoment zone in beams. Paul
et al. [16] undertook a pilot experimental investigation of t
behavior of lapped splices in the end region of reinfor
concrete bridge piers and columns of a multistory frame un
reversed cyclic loadings. Panahshahi et al. [17] studied the
performance of compression lapped splices in column an
beams under inelastic cyclic loading. Therefore, to define
characteristics needed in the design of retrofit methods
such splices under seismic loadings, quantitative information
is needed on the specific influences oftangential and radial bar
spacing and bar cover on lap splice performance.

3.2. Bond stress–slip relationships

Likely bar force-loaded end displacement relationships fo
a typical dowel were computed by using the bond stress–
relationships reported by Hawkins and Lin [18]. For a bar force,
F , less than yield, the loaded end displacement,S, can be
computed approximately by the following expression:

S= F

K
(1)

whereK = (339.31d2
b + 332740.87)

√
f ′
c

22.06 (N/mm).
For a bar force, F , greater than the yield bar force,Fy, the

loaded end displacement,S, is given by:

S= Fy

K
+ (F − Fy)

Ks
(2)

whereK = (339.31d2
b + 332740.87)

√
f ′
c

22.06 (N/mm); db =
diameter of bar;f ′

c = compressive strength of concrete;Ks =
K · Esh

Es
; Esh = strain hardening modulus of the bar; a

Es = modulus of elasticity of the bar.
For a bar subjected to high intensity reversed cyclic loading,

the appropriate bond stress–slip relationship can be ideal
as shown inFig. 6 [19]. For monotonic loading to failure, th
reduction factorγ is unity andτb,max, τy, S0, andSy are given
by the following expressions.

τb,max =
(

f ′
c − 15.86

2.07

) 2
3 × 6.89 ≤ 34.47 MPa (3)

τy = 0.1 f ′
c or 2.76 MPa, whichever is smaller (4

S0 = 0.03089

(
f ′
c

db

) 1
3 + 12.26

f ′
cdb

(5)

Sy = 0.5 × lug spacing (6)

whereτb,max = maximum bond stress;τy = bond stress at ba
yield; S0 = slip at maximum bond stress; andSy = slip at bar
yield.
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Fig. 6. Idealized bond stress–slip relationship [19].

(a) Specimen. (b) Free body diagram of a bar
element.

Fig. 7. Diagrams for the derivation of equilibrium equation.

Under stress reversals at which the bar behaves inelasti
both in tension and compression, a lower bound to the b
stress–slip relationship is represented by broken lines OBD
and OCFE inFig. 6. Relationship OBDE is the response for
non-yielding bar, and OCFE is the response for a bar that s
to yield atC. The maximum bond stress,τb,max, that can be
developed, is a function of the intensity of the reversed load
and the range of that loading.

The relationship between bar force and loaded
displacement can be determined as shown inFig. 7(a). A force,
P, is applied to the attack end of a bar, and bond stresses
created along the embedded length of the bar.Fig. 7(b) shows
a free body diagram of a typical bar element of length dx.
Bond stresses are assumed to be uniformly distributed ove
surface of this element. Axial equilibrium gives:

τb = Ab

πdb

d fs
dx

(7)

whereτb = bond stress;fs = steel stress; andAb = bar cross-
sectional area.

The bond stress,τb, is dependent on the local slip,S, and
this relationship canbe formulated as:

τb = f (S) = k1S for S ≤ S0 (8)

and

τb = f (S) = 2.76 MPa forS> S0 or S for bar yield (9)

whereS= ∫ x
0 ε(ξ)dξ .

The forceP is computed as:

P =
∫ x

0
τbπdbdξ. (10)
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Fig. 8. Bond cracks and notations for Eq.(11).

By substitutingτb into Eq. (10), a set of linear second-
order differential equations can be obtained. The bo
stress distribution, the steel stress distribution, and
load–displacement relationship at the attack end of the bar ca
be determined by solving these differential equations.

3.3. Lap splice capacity

Lap splice failure can occur in two ways: a splitting cra
can develop along the length of the outermost bar and c
it to fail in bond, or cracks can propagate between the
spliced bars and cause a loss of load transfer between t
The failure mode depends on the details of the variables in
cross-section [1].

A detailed study of bond failure was performed by Darw
et al. [20]. The following equation was used to calculate th
maximum force at bond failure of a spliced bar in a mem
with a rectangular cross section subjected to monotonic load
to failure.

Tb

( f ′
c)

1
4

= [1.507ld(cm + 0.5db) + 50.96Ab]

(
0.1

cM

cm
+ 0.9

)

+ 53.26tr td
Ntr Atr

nb
+ 1019 (11)

whereTb = maximum force for bond failure;ld = splice length
(mm); cM , (cm) = maximum (minimum) value ofcs or cb,
(cM/cm ≤ 3.5) (mm); cs = minimum of(csi + 6.35 mm, cso)

or minimum of(csi, cso) (mm); csi = one-half of clear spacing
between spliced bars (mm);cb = bottom cover for spliced
bars (mm);cso = side cover of reinforcing bars (mm);Ntr =
number of transverse reinforcing bars (stirrups or ties) cros
ld; Atr = area of each stirrup or tie crossing the poten
plane of splitting (mm2); nb = number of longitudinal bars
being spliced alongthe plane of the split (smaller ofcb or
cs); tt = 9.6Rr + 0.28; td = 0.72(db/25.4) + 0.28; and
Rr = relative rib area (0.065 to 0.14). The notation forcsi,
cb, andcso is shown inFig. 8. Values used in Eq.(11) depend
on the mode of bond failure.

Eq. (11) clearly covers, as shown inFig. 9, both the
possibility of a splice plane shearing failure mode and a co
splitting failure mode. To adapt Eq.(11)to the circular columns
it is necessary to modify thecsi, cm, cM , and cb terms in
a manner consistent with the properties of those specime
Fig. 10 shows the splice plane shearing and cover splitt
failure modes for the circular columns, which are analog
to the same modes for a rectangular beam. Clearly, the cri
dimensions relate to the properties of the column bars (o
e
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Fig. 9. Splice failure modes covered by Eq.(11).

Fig. 10. Splice failure possible for circular columns.

circles) and not the properties of the dowel bars (sha
circles). The following transformations apply:

cm = c and cM = 0.5Sc + 6.35 mm (12)

wherec = cover over extreme tension bar (mm); andSc =
clear spacing in circumferential direction between columns ba
(mm).

The maximum bond stress that can be developed by
column bars reduces once the peak reversing stress ex
75% of the maximum stress for bond failure under monoto
loading. Based on the information presented by Hawkins e
[19], for test columns, the reduction factorγ on the maximum
stress is taken as

γ = 0.9 − 5(S− 0.75S0) ≥ 0.65 forτb > 0.75τb,max. (13)

The term 5(S− 0.75S0) does not start to apply untilS exceeds
0.75S0 for both positive and negative loading.

4. Nonlinear finite element analysis program (RCAHEST)

RCAHEST is a nonlinear finite element analysis program
for analyzing reinforced concrete structures. The program
developed by Kim and Shin [4], at the Department of Civil and
Environmental Engineering, Sungkyunkwan University. T
program is used to model various reinforced concrete struct
under a variety of loading conditions.

4.1. General features of RCAHEST

The proposed structural element library RCAHEST (Re
forced Concrete Analysis in Higher Evaluation System Tech-
nology) is built around the finite element analysis program s
named FEAP, developed by Taylor [21]. FEAP is characterized
by a modular architecture and has features which allow cus
elements, input utilities, and custom strategies and procedure
to be easily introduced.

The elements developed forthe nonlinear finite element
analyses of reinforced concrete bridge piers under earthq
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Table 1
Properties of reinforced concrete column specimens

Specimena FS-H-
LS000

FS-H-
LS050

FS-H-
LS100

NS-HT2-H-
L2

NS-HT2-
A-L2

NS-HT4-
H-L2

NS-HT4-
A-L2

Diameter of cross section (mm) 1200 1200
Effective height (mm) 3200 4800
Aspect ratio 2.67 4.00

Material SD30A D25 SD30A D19
Longitudinal
reinforcement

Yielding stress (MPa) 331.3 343.2

Reinforcement
ratio (%)

1.60 1.01

Material SD30A D13 SD30A D10
Transverse reinforcement Yielding stress (MPa) 326.2 372.7

Volumetric ratio (%) 0.340 0.127
Strength of concrete (MPa) 24.5 24.8
Lap spliced length (mm) 600 600
Lap spliced ratio (%) 0 50 100 50 100 50 100

a FS Series [23]; NS Series [22].
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are the reinforced concrete plane stress element and
interface element [4–8]. A lap spliced bar element is newly
incorporated into the structural element library for RCAHE
to predict the inelastic behavior of reinforced concrete bridg
piers with lap splices of longitudinal reinforcing bars in t
plastic hinge zone. The material models described in
previous sections are used as the stress–strain relations at
integration points of each element.

4.2. Formulation for lap spliced bar element

The lap spliced bar element was developed for the inela
finite element analyses of reinforced concrete bridge piers wi
lap splices subjected to seismic loading. The stress and stra
of the lap spliced bar can be obtained by using a truss ele
that is modeled as an independent element. The eleme
are formulated by coordinate transformation from the elem
coordinate system to the reference coordinate system.

The strain of a lap spliced bar is given by:

ε = εs + εslip (14)

whereεs= strain of bar; andεslip = 2 × slip/ ld.
The stress–strain relationship of a lap spliced bar can

formulated as:

{σs} = [D]{εs} = [D]{ε − εslip} (15)

where{σs} = stress of bar; and[D] = modulus of elasticity of
the bar.

5. Numerical examples

The data for the reinforced concrete bridge piers with
splices tested by the authors [22,23] are used toverify the
applicability of the lap spliced bar element.

5.1. Description of test specimens

In the experimental testing of structures to asse
performance and available ductility of the structures dur
he

e
uss

ic

nt

nt

e

p

severe earthquakes, the appropriate displacement history t
imposed for simulation of seismic loading must be determin

The full-scale test specimens of reinforced concrete br
piers were designed in conformity to the provisions of KRB
(Korea Roadway Bridge Design) code [24], which has not
adopted the seismic design concept. The earlier code is
for designs toinvestigate the seismic performances of exist
reinforced concrete bridge piers constructed before the sei
design concept was adopted in the design code in Korea.
mechanical properties of the specimens are listed inTable 1
and the geometric details are shown inFigs. 11through 13.
Al l reinforced concrete column specimens were tested u
0.07 f ′

c Ag of constant compressive axial load as shown
Fig. 14to simulate the gravity load from bridge superstructu

Quasi-static cyclic load tests were carried out un
displacement control.Fig. 15 shows the cyclicload history,
which was based on the lateral displacement pattern
increasing magnitude of yield displacement. More detaile
descriptions of both schemes are available in references22,
23].

5.2. Description of analytical model

Fig. 16 shows the finite element discretization and
boundary conditions for nonlinear analyses of the reinfor
concrete column specimens.Fig. 17 shows a method for
transforming a circular section into rectangular strips
the purpose of using plane stress elements. For rectan
sections, equivalent strips are calculated. After the inte
forces are calculated, the equilibrium is checked. Load
cycles with displacement control are applied as this allo
the analysis beyond the ultimate load where the load at
maximum strain is recognized from the load–displacem
curve.

5.3. Comparison with experimental results

FS series and NS series were the specimen names, an
respective load–displacement relationships for the specimens
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(a) Elevation. (b) Cross-section.

Fig. 11. Details of FS series specimen.

(a) Elevation. (b) Cross-section.

Fig. 12. Details of NS series specimen.

Fig. 13. Details of NS series tie: (a) HT2; and (b) HT4.

are shown inFigs. 18and19. The value givenby all specimens
were similar with the analytical results; comparative data
summarized in Table 2. Analytical results show reasonab
correspondence with the experimental results.

All the results support that the failure mode and ductility
level of reinforced concrete bridge piers with lap splices afte
yielding of longitudinal reinforcement can be estimated by
(a) FS series.

(b) NS series.

Fig. 14. Loading setup.

finite element analysis proposed in this paper. The propo
model provides a good prediction of the maximum loads for
specimens; also, the model provides a conservative predic
of the deflections at the given loads for all specimens failing
bond.

The hysteresis curves show that the strength reductio
largely due to the degradation of the splice region at
bottom of the column. The failure modes are brittle beca
of rapid strength deterioration directly following debondi
of longitudinal steels. The test specimen without lap spli
developed more ductile hysteresis loops than those specime
with lap splices. This occurs due to a slip of the longitudi
bars in the spliced region shortly after yielding in the
reinforcement.

Seismic performance of reinforced concrete bridge pie
can be evaluated as displacement ductility. The ductility
reinforced concrete bridge piers is associated with shear
flexural carrying capacities. The ductility of reinforced concr
bridge piers with lap splices after the yielding of longitudin
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1.40
.43
.56
.81
.05
.97
.06

8

Table 2
Experiment and analysis results

Specimena Experiment Analysis Ratio of experimental and
analytical results

Vmax (kN) δy (mm) δu (mm) µ Vmax (kN) δy (mm) δu (mm) µ Vmax δy δu µ

FS-H-LS000 1240.8 16.5 58.0 3.5 1085.8 17.7 45.0 2.5 1.14 0.93 1.29
FS-H-LS050 1096.8 13.5 40.0 3.0 985.0 15.0 32.0 2.1 1.11 0.90 1.25 1
FS-H-LS100 978.4 8.6 21.8 2.5 873.9 13.0 21.0 1.6 1.12 0.66 1.04 1
NS-HT2-H-L2 721.2 32.1 84.6 2.6 576.2 26.0 84.0 3.2 1.25 1.23 1.01 0
NS-HT2-A-L2 641.4 29.6 59.0 2.0 548.3 22.0 42.0 1.9 1.17 1.35 1.40 1
NS-HT4-H-L2 664.7 33.2 98.5 3.0 574.9 28.0 88.0 3.1 1.16 1.19 1.12 0
NS-HT4-A-L2 575.7 30.5 59.2 1.9 553.9 26.0 48.0 1.8 1.04 1.17 1.23 1

Total Mean 1.14 1.06 1.19 1.18
Standard deviation 0.06 0.24 0.14 0.2

a FS Series [23]; NS Series [22].
in
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Fig. 17. Transformation of a circularcolumn to an idealized equivalent
rectangular column: (a) FS series; and (b) NS series.
(a) FS series.

(b) NS series.

Fig. 15. Loading history for test.

reinforcement may also be simulated by computation us
finite elements. Seven experimental results were compared wit
the finite element analytical results. In predicting the results
the FS series and NS series involving primary bond failure
under a variety of reinforcement and loading conditions,
mean ratios of experimental-to-analytical ductility capacit
were 1.18 at a standard deviation of 28%. From comparis
of the measured load–deflection responses with predi
responses, it is apparent thatthe ductility of the specimens
can be limited by the crushing of the concrete equally as w
as by bond failure of the lap splices. Both the experimen
and analytical results show that the increase of the
spliced ratio in reinforced concrete bridge piers yields low
ductility. Displacement ductility ratios significantly reduced fo
specimens with lap splicesof longitudinal steels.
g

f

s
d

ll
l

Fig. 16. Finite element mesh for reinforced concrete column specimen
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(a) FS-H-LS000. (b) FS-H-LS050.

(c) FS-H-LS100.

Fig. 18. Load–displacement curve.
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Of all the parameters that influence the strength and
energy dissipation ability of lap splices, the amount a
distribution of confining steel is probably the most import
one, particularlyin the case of structures required to withsta
earthquake induced forces. By controlling the formation of
cracks and their subsequent propagation, transverse bars g
enhance lap strength and particularly ductility. The amount and
distribution of transverse reinforcement is of importance in
detailing of lap splices. The use of continuous reinforcem
in the plastic hinge zone moderately improves the lat
displacement hysteresis loop. The structural degradatio
likely to be delayed. The lap splice of longitudinal steels in the
potential plastic hinge zone of reinforced concrete bridge p
e
d
t

atly

e
nt
l
is

rs

should be prevented even in a moderate seismic region, u
pertinent transverse confinement can be established.

6. Summary and conclusions

A method for analyzing the nonlinear hysteretic behav
and ductility capacity of reinforced concrete bridge pi
with lap splices under earthquakes was proposed. Theory
formulations for analyticalmodels to be implemented with
numerical methods for predicting the behavior of reinforc
concrete bridge piers with lap splices subjected to seis
loading were described. Analytical results by the propo
method were in reasonable agreement with experimental
The proposed method also predicted the load capacities, fa
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(a) NS-HT2-H-L2. (b) NS-HT2-A-L2.

(c) NS-HT4-H-L2. (d) NS-HT4-A-L2.

Fig. 19. Load–displacement curve.
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modes, and load–deformation responses of reinforced con
bridge piers with acceptable accuracy.

Based on the results of the numerical simulations
comparisons with experimental data, the following conclusi
were reached.

1. The proposed constitutive model and numerical anal
describe the inelastic behavior of the reinforced conc
bridge piers with lap splices under earthquakes with accept
accuracy. This method may be used for the seismic analysis
design of reinforced concrete bridge piers.

2. Experimental and analytical values for yield and ultim
displacements and ductility capacity of the reinforced conc
bridge piers with lap splices show reasonable agreement.
ete

d
s

is
te
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3. Non-seismically designed reinforced concrete bridge p
with lap splicing of longitudinal reinforcement in the plastic
hinge zone typically failed at low ductility levels. This wa
due to the debonding of the lap splice, which resulted fr
insufficient development length of the longitudinal bars. It is
not desirable to permit the lap splice of longitudinal steels in
potential plastic hinge zone without increasing the transve
confinement, in a moderate seismic region.

4. Nonlinear finite element analysis may be used
investigate the design details and the load–deflection respo
of reinforced concrete bridge piers with lap splices. Als
failure modes and ductility may be checked for seismic resis
design.
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5. More effort should be directed to include certa
procedures in the current design codes so that engineer
work toward an acceptable method for evaluating the avail
strength in existing reinforced concrete bridge piers with
splices.
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