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Abstract In this study, the adequacy of the ACI code provi-
sions for detailing of lap-spliced reinforcement in R/C rectan-
gular bridge columns was numerically investigated. Pushover
analysis was conducted on a total of 324 R/C rectangular
bridge columns with lap-spliced reinforcement, using a mod-
ified version of previously developed computer program. The
computer modeling is based on moment–curvature analysis
of the column section with the inclusion of a bond/slip mech-
anism and concrete confinement model. In this study, the pro-
gram was revised to integrate the effectiveness of lateral hoop
reinforcement on both concrete confinement and lap-splice
clamping. Constant axial load was applied in the analysis.
The parameters involved in the study were lap-splice length,
volumetric ratio of column hoops, and axial load ratio. The
results indicate that the top lateral load–displacement char-
acteristics of the column are enhanced when the lap-splice
length at the column base increased. To ensure a minimum
displacement ductility of 4.0 for the column, lap splices as
short as 30φb (φb = longitudinal bar-diameter) should be
avoided at expected plastic hinge locations. The best perfor-
mance for a wide range of axial load ratios was exhibited by
columns having the ACI’s classes A and B tension splices
and laterally reinforced with hoops required by the ACI code
for seismic design.
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1 Introduction

Lap splices in R/C elements, if not carefully detailed, may
be locations of potential damage especially when exposed to
fully reversed cyclic loadings of short-duration excitations
such as seismic loads and blast. It can be said that in most high
bridges all over the world the longitudinal reinforcement of
the columns is spliced with starter bars extending from the
column footing. In addition, in the old bridges built in the
1960’s and in the early 1970’s, lap splices at the column base
are of the compression type with lengths as short as 20 times
the bar-diameter (see Fig. 1). Apart from this, in some cases,
transverse column reinforcement with substandard hoops of
insufficient volumetric ratio for even gravity-loaded columns
was engaged [1].
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Fig. 1 Lap-splice details in older bridge columns

Lap splices in tall bridge columns and at the base of mul-
tistory buildings located in the potential plastic hinge zones,
if poorly detailed, will experience severe damage under seis-
mic actions. Furthermore, under reversed cyclic loading, the
transverse reinforcement may not provide adequate confine-
ment for the core concrete under compression and sufficient
clamping action to the lap splice to prevent de-bonding. The
concrete cover may therefore start to spall prematurely and
anchorage of the lapped bars may degrade rapidly due to
the splitting action under fully reversed cyclic loads. Con-
sequently, the ductility capacity of the reinforced concrete
columns is greatly reduced, which may cause brittle failure.
Lessons learned from past major earthquakes indicate that
this kind of brittle failure in the lap-splice zone caused a
total or partial collapse of columns. Cases depicted by pic-
tures of such failures in both building and bridge piers are
shown in Fig. 2.

Fig. 2 Lap-splice failure at
base of building and bridge
columns
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In this study, a FORTRAN-based computer program was
modified to include the effect of lateral hoop reinforcement
on both concrete confinement and lap-splice clamping. The
unique aspect of this program was the integration of bond–
slip mechanism and the concrete confinement model for the
moment–curvature analysis of column sections. The ACI
code seismic provisions which are mainly developed for
building columns have also been evaluated in this study for
adequacy in providing details of lap-spliced reinforcement
in R/C rectangular bridge columns.

1.1 ACI Code Provisions

As per the ACI 318-11 code [1], there are two classes of
tension lap splices—Class A and Class B. The length of the
tension lap is a function of the tension development length,
ld, as follows:

• Class A splice: 1.0 ld
• Class B splice: 1.3 ld

The ACI code states that lap splices of deformed bars in
tension shall be Class B splices except that Class A splices
are allowed when (a) the area of reinforcement provided is at
least twice that required by analysis over the entire length of
the splice, and (b) one-half or less of the total reinforcement
is spliced within the required lap length. If the column is
expected to experience lateral loading (such as earthquakes
or blast attacks), the lap splice should be designed as a Class
B tension splice since all column bars are usually spliced at
the same location.

For the volumetric ratios of hoop reinforcement, the seis-
mic codes such as Caltrans design guidelines [2] and the ACI
318-11 [1] provide the following provisions for R/C rectan-
gular columns:

• The total area of rectangular hoops shall not be less than
that required by Eqs. (1) and (2).

Ash = 0.3shc
f ′
c

fyh

[
Ag

Ach
− 1

]
(1)

Ash = 0.09shc
f ′
c

fyh
(2)

where Ash = total cross-sectional area of transverse rein-
forcement (including crossties) within spacing s and per-
pendicular to dimension hc, mm2; s = spacing of trans-
verse reinforcement measured along the longitudinal axis
of the column, mm; hc = cross-sectional dimension of
column core measured center-to-center of confining rein-
forcement, mm; f ′

c = specified cylinder compressive
strength of concrete, MPa; fyh = specified yield strength

of transverse reinforcement, MPa; Ag = gross area of col-
umn section, mm2; and Ach = area of column core mea-
sured out-to-out of transverse reinforcement, mm2.

• Transverse reinforcement shall be spaced at a distance
not exceeding (a) one-quarter of the minimum member
dimension, (b) six times the diameter of the longitudinal
reinforcement, and (c) sx as defined by Eq. (3).

sx = 100 +
(

350 − hx

3

)
(3)

where hx = maximum horizontal spacing of hoop or
crosstie legs on all faces of the column, mm. The value
of sx shall not exceed 150 mm and does not need to be less
than 100 mm.

• Crossties or legs of overlapping hoops shall not be spaced
more than 350 mm on center in the direction perpendicular
to the longitudinal axis of the column.

1.2 Background Literature Review

Experimental investigations [3–14] were carried out by some
researchers to study the seismic performance of tall bridge
columns with lap-spliced reinforcement. Sun et al. [3] tested
two large-scale rectangular bridge columns with poor lap-
splice details. Both columns were exposed to constant axial
load ratio (ratio between applied axial load and axial capacity
of the column) of 0.15 and lateral cyclic loading about their
strong and weak axes, respectively. The two columns failed
prematurely due to slippage at the lap-splice zone.

Chung et al. [4] carried out a study to evaluate the seis-
mic performance of circular bridge piers with spliced lon-
gitudinal steel in the plastic hinge region, to develop the
enhancement scheme for their seismic capacity by retro-
fitting with glass fiber sheet and also the appropriate lim-
ited ductility design concept in low and moderate seismicity
regions. Quasi-static tests were conducted on nine test speci-
mens in a displacement-controlled way under three different
axial load levels. Results of this study indicated that non-
seismically designed columns with lap splices in the potential
plastic hinge regions appeared to fail at low ductility levels.
This was attributed to the de-bonding of lap splices which
resulted from insufficient development length of the longitu-
dinal bars. Test columns externally wrapped with glass fiber
sheets showed significant improvement in the displacement
ductility.

In a study, Kim et al. [5] assessed the seismic performance
of R/C bridge piers with lap splices in longitudinal reinforc-
ing bars in order to provide data for developing improved
seismic design criteria. A method for analyzing the nonlin-
ear hysteretic behavior and ductility capacity of R/C bridge
piers with lap splices under earthquakes was proposed. A
computer program, Reinforced Concrete Analysis in Higher
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Evaluation System Technology (RCAHEST), was used to
analyze R/C structures. A lap-spliced bar element was newly
developed to predict the inelastic behaviors of lap splices. The
proposed numerical method was then verified by comparing
it with test data developed by the authors. The authors finally
concluded that the proposed model described the inelastic
behavior of the bridge pier with reasonable accuracy. It is
not desirable to permit the lap splice of longitudinal bars in
the potential plastic hinge zone without increasing the trans-
verse confinement, in a moderate seismic region.

Experimental tests were carried out by Chung et al. [6]
to evaluate the seismic ductility of previously damaged R/C
columns. The test parameters included confinement ratio, lap
splice of longitudinal steel, and retrofitting fiber-reinforced
polymer (FRP) materials. The research objective was to sub-
ject R/C bridge piers to artificial earthquake using a pseudo-
dynamic test (PDT), and then to examine their seismic per-
formance in a quasi-static test (QST). Test results depicted
that except for the ordinary specimens with lap-spliced lon-
gitudinal bars, most specimens pre-damaged during the PDT
generally demonstrated good residual seismic performance.
Test results also indicated that R/C piers retrofitted with fiber
composite wraps in the potential plastic hinge region exhib-
ited enhanced flexural ductility. It was concluded that lap-
spliced R/C piers are especially vulnerable and need to be
retrofitted to secure good seismic performance in subsequent
earthquakes.

Haroun [7] and Elsanadedy [8] conducted a testing pro-
gram on scaled models of R/C bridge columns with insuf-
ficient lap-splice length. Three columns were tested in the
as-built configuration whereas ten specimens were tested
after being retrofitted with different FRP jacket systems. A
brittle failure was observed in the as-built columns due to
bond deterioration of the lap-spliced longitudinal reinforce-
ment. The FRP-jacketed circular columns demonstrated a
significant improvement in their cyclic performance. Yet,
tests conducted on square-jacketed columns showed a lim-
ited improvement in clamping on the lap-splice region and
for enhancing the ductility of the column.

Bousias et al. [9,10] tested 45 rectangular columns, with
plain and deformed vertical bars subjected to cyclic flexure
with constant axial load. Test parameters included the pres-
ence and length of lap splices and the type of retrofitting:
concrete jackets over the whole column, or CFRP wrap-
ping of the plastic hinge region at varying number of layers
and height of application from the base. The test results of
the un-retrofitted ribbed-type columns showed that old-type
columns with ribbed bars lap-spliced at the base have reduced
cyclic deformation capacity and energy dissipation. Lapping
of straight ends of ribbed bars by as little as 15 bar-diameters
reduces appreciably flexural resistance and gives rapid post-
peak strength and stiffness degradation and low energy dissi-
pation capacity. It was concluded that in columns with ribbed

bars, FRP wrapping cannot fully remove the adverse effects
on force capacity and energy dissipation of a very short lap-
ping of straight bar ends (e.g. in the order of 15 bar-diameters)
near the base. Also, in columns with straight ribbed bars even
R/C jacketing cannot fully re-instate the cyclic deformation
capacity and energy dissipation to that of a monolithic col-
umn, if the original column has very short lapping, e.g. 15φb.

In two other studies by Chang et al. [11,12] more
than 60 large-scale circular and rectangular columns were
tested, including specimens which were designed to repre-
sent columns constructed in Taiwan before and after 1987.
Worst details for lap splice at plastic hinge locations expected
in bridge columns were assumed in these test specimens.
The results of testing un-retrofitted columns were compared
with columns retrofitted with CFRP jackets, steel jackets, and
R/C jackets. Tests indicated that due to the poor compressive
strength of concrete and the lap splicing at plastic hinge zone,
the retrofit measures developed for better ductility and shear
strength are not always effective. It was concluded that apply-
ing CFRP directly cannot provide enough confinement stress
to increase frictional force between the lap-spliced longitu-
dinal reinforcements.

Testing of rectangular columns with a lap-splice length
of 40φb in the plastic hinge zone was carried out [11]. The
failure of lap-spliced columns at low ductility of 1.5 and 2.0
was caused by the bond failure at the splices of longitudinal
bars.

ElGawady et al. [13] investigated the cyclic behavior
of eight 0.4-scale R/C columns. The columns incorporated
deficient design details to simulate bridge columns built in
Washington prior to 1971. CFRP as well as steel jacket-
ing were incorporated as retrofitting of the columns along
with un-retrofitted columns used as reference specimens. The
columns were tested under constant gravity loads and incre-
mental increase in lateral load cycles. It was noticed that the
as-built specimens had two modes of failures, namely low
cyclic fatigue of longitudinal reinforcement and lap-splice
failure. For the retrofitted specimens, no lap-splice failure
was observed. All the retrofitted specimens failed due to low
cyclic fatigue failure of the longitudinal bars which is caused
as a result of large tension and compression strain rever-
sals of typically 1–5 reversed equi-amplitudes in the rebars.
The retrofitting measures improved the displacement ductil-
ity, energy dissipation, and equivalent viscous damping.

Another study by Ghosh and Sheikh [14] focused on the
seismic upgrade of existing R/C columns detailed with poor
lap splices and inadequate transverse confinement reinforce-
ment in the potential plastic hinge regions. A total of 12
columns were subjected to simulated earthquake loading.
The variables studied in the program included the effect of
the presence of lap splices, the effectiveness of CFRP in pre-
earthquake strengthening and post-earthquake retrofitting of
deficient columns, as well as the effects of level of axial load,
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shape of column cross section, and transverse steel details.
This study concluded that poorly detailed lap splices in the
plastic hinge region resulted in significant reduction in ductil-
ity and unstable hysteretic behavior along with rapid degrada-
tion in strength due to premature splice failure. Retrofitting
of columns with CFRP resulted in improved ductility and
strength behavior and the level of improvement, however,
would be dependent on the damage experienced by the col-
umn prior to retrofitting.

In the current study, pushover analysis was carried out on
full-scale rectangular tall bridge columns with lap splices at
their base. Constant axial loads were applied in the analysis.
The parametric study variables included lap-splice length,
volumetric ratio of column hoops, and axial load ratio. The
studied response parameters included load–displacement
characteristics, column displacement ductility, and ultimate
slip and elongation strains for extreme tension bars.

2 Pushover Analysis

Pushover analysis of R/C rectangular columns with lap-
spliced reinforcement was conducted in this study using
an object-oriented computer program which was previously
developed by one of the authors in an earlier study [7]. The
computer program which is written in the FORTRAN 90
language was modified to be used in this research. The pro-
gram is based on moment–curvature analysis of the column
section with the inclusion of a bond/slip mechanism and con-
crete confinement model. Since the program was originally
developed for columns confined with FRP jackets, it had to
be revised to include the effectiveness of the lateral hoop
reinforcement on both concrete confinement and lap-splice
clamping. This simple tool would then be able to help struc-
tural engineers conduct pushover analysis on R/C rectangu-
lar bridge columns with lap-spliced reinforcement and having
different volumetric ratios of lateral hoops. The column input
data such as column dimensions, reinforcement details, lap-
splice length, concrete compressive strength, yield strength
of reinforcing steel, and axial load are read into the pro-
gram via an input text file. The output text file is created
upon running the program and it includes analysis results
for moment–curvature calculations, history of bar slip strain,
and load–displacement curve.

2.1 Approach and Assumptions

In defining the constitutive properties of the materials, con-
crete is of important concern. In this case concrete was
ignored in tension after cracking. However, for concrete in
compression, it was considered laterally confined by hoop
reinforcement. A laminar approach was used to analyze the
column. The moment–curvature relationship was determined

by increasing the strain in the extreme compression fiber of
the column section in increments up to the ultimate con-
crete compressive strain. For each increment, the strain at
the extreme tensile steel bar was assumed. The assumption
of plane section remains plane was made so that a linear
strain distribution across the column section was assumed.
The stresses in each concrete layer were calculated using
the stress–strain relationship of concrete, once the strains in
concrete were obtained from the program. The force resul-
tant in each concrete layer was then determined. It was fur-
ther assumed that bond stress is uniformly distributed along
the length of bond links and the nonlinear effects could be
ignored. The total geometric strain for each bar in tension
consisted of two components: slippage and elongation. By
using bond–slip relationship and the stress–strain model for
the steel, an iterative procedure was performed for each bar to
satisfy the equilibrium condition. After that, slippage of each
bar in tension was determined and the stresses were com-
puted. Thereby, the tensile forces for all bars were estimated.
The use of convergence criteria assured the equilibrium of
internal forces for the entire section. Axial force convergence
allowed both the moment resultants on the column and the
section curvature to be determined.

The moment–curvature curve of the column section was
transformed into load–displacement history from zero up to
failure by conducting the pushover analysis of the bridge
column. In estimating the lateral displacement of the col-
umn, the flexural deformation was computed by integrating
the curvature distribution along the column length. For ease,
two elastic segments represented curvature distribution up to
the first yield of the longitudinal steel: one corresponded to
the uncracked concrete section and the other to the cracked
section. Curvature was assumed constant along the plastic
hinge length after yielding.

Ductility in a structure is defined as the ability to deform
in the plastic region at previously designated hinge locations
without significant strength degradation. The column dis-
placement ductility factor was calculated from the following
equation.

Ductility factor = �u

�y
(4)

where �u = ultimate displacement calculated at ultimate
limit state and �y = idealized yield displacement. In the
analysis of lap-splice columns, the ultimate limit state was
defined as that corresponding to whichever of the following
occurs first:

• Ultimate concrete compression strain εcu (depends on
parameters in Eq. (8)).

• Maximum longitudinal reinforcement tensile strain, taken
as 0.7εsu, where εsu is the ultimate strain of reinforcing
steel taken as 0.12.
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• Maximum slip strain of 0.10 in the extreme longitudinal
tension bar.

• Post-peak load of 80 % of the maximum lateral load.

The idealized yield displacement was calculated from the
following equation

�y = Fi

Fy
�1 (5)

where �1 is the displacement corresponding to the first-yield
lateral load, Fy . The ideal flexural lateral load capacity, Fi ,
was computed based on the extreme concrete compressive
strain of 0.005 [15].

2.2 Stress–Strain/Strength Models

Mander’s model for steel-confined concrete [16] was employ-
ed in the program. According to Mander’s model, the con-
fined concrete compressive strength is given by

f ′
cc = f ′

c

[
2.254

√
1 + 7.94 fl

f ′
c

− 2 fl

f ′
c

− 1.254

]
(6)

and the strain at maximum concrete stress is estimated from

εcc = 0.002

[
1 + 5

(
f ′
cc

f ′
c

− 1

)]
(7)

whereas, the ultimate concrete compressive strain, defined as
strain at first hoop fracture, is given by the following formula,
proposed by Priestley et al. [17]:

εcu = 0.004 + 1.25ρv fyhεsu

f ′
cc

(8)

where ρv = volumetric ratio of lateral hoops, fyh = yield
strength of lateral hoops, and εsu = ultimate strain of lat-
eral hoops. The lateral confining stress on the concrete (total
transverse bar force divided by vertical area of confined con-
crete) is calculated from

fl = 1

2
ke fyh

(
Asx

shc
+ Asy

sbc

)
(9)

where, Asx and Asy = the total area of transverse bars run-
ning in the ‘x’ and ‘y’ directions, respectively; s = center-
to-center spacing of lateral hoops; and ke is the confinement
effective coefficient as given in Mander’s model [16].

In addition to defining the stress–strain characteristics of
concrete, a model of the stress–strain properties of steel rein-
forcement [7] was also employed in the program. This model
was divided into three major zones: a linear portion up to the
yield point, a yield plateau region, and a parabolic strain-
hardening curve. The yield strain (εy) is considered as the
strain corresponding to the yield strength depending on the
grade of rebar used; the strain hardening was considered to
start at εsh = 5εy and the ultimate strain (εsu) was taken
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Fig. 3 Xiao’s bond–slip model [15]

as 0.12. In the analytical model, bond/slip of the lap-spliced
longitudinal bars was also taken into consideration. Three
different bond/slip models are available in the program of
which the model developed by Xiao et al. [15] (see Fig. 3)
was utilized in this study, since it was found to give good
correlation with numerous experimental data [7].

In the Xiao’s model, the bond–slip relationship is given
by the following empirical equation:

τb = τ ′
bcr(Sb/Sbc)

r − 1 + (Sb/Sbc)r
(10)

where τ ′
bo = peak bond stress between the steel bar and

confined concrete, and is given by

τ ′
bc = τ ′

bo + 1.4 fl (11)

where τ ′
bo = bond strength for steel bars in plain unconfined

concrete, and is calculated based on the bond strength given
by the equation in ACI 408R-03 Committee report [18]:

τ ′
bo = 20

√
f ′
c/dbl ≤ 5.52 MPa (12)

The parameter Sbc is the bond/slip corresponding to τ ′
bo; and

is calculated from

Sbc = Sbo

(
1 + α

fl
f ′
c

)
(13)

where Sbo =0.254 mm and α = 75.0. The parameter ‘r ’
defines the shape of the curve expressed by Eq. (10), for
different transverse confinement and is estimated from

r = ro − kr
fl

f ′
c

(14)

where ro = 2.0 and kr = 13.0. It should be pointed that the
value of ‘r ’ calculated using Eq. (14) should be limited to be
r3 ≥ 1.0.

For the steel bars in compression, the strain at each bar
location was computed, and using the stress–strain model for
the steel, the stresses were calculated, and hence the force
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Table 1 Details of column specimens used for model verification

Col. ID Column dimensions Axial
load (kN)

f
′
c (MPa) Longitudinal steel Transverse steel Source

Width
(mm)

Depth
(mm)

Height
(mm)

No. and
size

fy (MPa) Lap
length
(mm)

size and
spacing

fyh (MPa)

RC(1) 489 730 3,658 1,779 30.5 32 Ø19 315 381 Ø6 @ 127 mm 352 Sun et al. [3]

RC(2) 730 489 3,658 1,779 33.1 32 Ø19 315 381 Ø6 @ 127 mm 352 Sun et al. [3]

RC(3) 610 610 3,658 832 41.4 28 Ø19 444 381 Ø6 @ 127 mm 448 Haroun and
Elsanadedy [8]

RC(4) 457 457 1,829 1,601 36.0 8 Ø25 510 508 Ø10 @ 305 mm 481 Melek and
Wallace [19]

RC(5) 457 457 1,676 1,068 35.0 8 Ø25 510 508 Ø10 @ 305 mm 481 Melek and
Wallace [19]

RC(6) 457 457 1,524 1,601 35.0 8 Ø25 510 508 Ø10 @ 305 mm 481 Melek and
Wallace [19]

in each bar was determined. For the steel bars in tension,
based on the Xiao et al. [15] model, it was assumed that the
stresses in the starter bars are transferred to the longitudinal
bars through a series of shear springs.

2.3 Analytical Model Verification

In order to validate the employed numerical models for
the prediction of performance of R/C rectangular lap-splice
columns, the experimental results of six columns, tested in a
single-curvature configuration, have been collected from the
literature. The columns were tested by Sun et al. [3], Haroun
and Elsanadedy [8], and Melek and Wallace [19]. Details
of test columns are illustrated in Table 1. Experimental and
numerical results of the six specimens in terms of peak lateral
load and lateral drift at peak lateral load are listed in Table 2.
Ratios of experimental to predicted values along with their

Table 2 Comparison of experimental and theoretical results for
columns used in model verification

Col ID Peak lateral load (kN) Drift ratio at peak
lateral load (%)

EXP TH EXP/TH EXP TH EXP/TH

RC(1) 302 307 0.98 0.65 0.69 0.94

RC(2) 265 249 1.06 1.39 1.41 0.98

RC(3) 243 239 1.02 1.02 0.99 1.03

RC(4) 285 281 1.02 1.45 1.39 1.05

RC(5) 270 261 1.03 1.33 1.26 1.06

RC(6) 341 335 1.02 1.50 1.57 0.96

Average 1.02 1.00

Std. Dev. 0.03 0.05

COV 0.02 0.04

statistical parameters are also shown in Table 2. As demon-
strated in the table, the predicted values have good correlation
with the experimental results. The full load–displacement
envelopes were theoretically predicted and then compared
with the experimental curves for columns RC(1)–RC(3), as
seen in Fig. 4. Experimental load–displacement envelopes
for other columns RC(4)–RC(6) could not be obtained. As
identified in Fig. 4, good agreement was achieved between
the experimental and predicted curves. This clearly verifies
the accuracy of the used numerical models in predicting the
behavior of R/C rectangular columns with lap splices at their
base.

3 Selection of Case Studies

A tall rectangular column as part of a single bridge col-
umn bent was selected as a case study for pushover analy-
sis in this paper. Figure 5 shows the dimensions and rein-
forcement details for the parameters considered in the case
study. The cross-section of the rectangular column was
1,000 × 1,500 mm with longitudinal reinforcement of 32
Ø 32 mm bars. The longitudinal steel bars had yield strength
of 420 MPa and were lap spliced at the column base. Trans-
verse reinforcement for the column comprises rectangular
hoops with a yield strength of 420 MPa. The cylinder com-
pressive strength for the concrete used in the bridge sub-
structure was 30 MPa. The lateral pushover analysis of the
column was conducted keeping the axial load constant. The
column was laterally displaced in the direction that produced
moment about the strong axis of its cross-section. The para-
metric study incorporated the lap-splice length, volumetric
ratio of hoop reinforcement, and the axial load ratio. The lap-
splice length was varied between 20φb and 60φb (φb = bar-
diameter); in addition to case of continuous longitudinal bars
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(b) Column RC(2) 
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(c) Column RC(3)

Fig. 4 Comparison between load–displacement envelopes for
columns a RC(1), b RC(2), c RC(2)

with no lap splice. The first three lengths (20φb to 40φb) rep-
resent the substandard lap splices, which were commonly
utilized for the construction of many old bridges all over
the world. The last two lengths 50φb and 60φb, respectively,
denote classes A and B tension splices as outlined by the ACI
318-11 code [1].

As seen in Fig. 5, six different volumetric ratios of hoop
reinforcement were studied. The first volumetric ratio (ρv)

of 0.12 % corresponds to substandard hoop details. The last
ratio of 1.5 % corresponds to hoops required for columns to
resist seismic loads as outlined in the seismic codes such
as Caltrans design guidelines [2] and the ACI 318-11 code
[1]. Last, nine different values were selected for the axial
load ratio (P/Ag f ′

c), ranging from 0.0 to 40 % as demon-
strated in Table 3. The ratios between 5 and 20 % repre-
sent the most common bridge columns, whereas the ratios
between 30 and 40 % correspond to columns with heavy
axial loads as those found in special bridges and multistory
buildings. Considering all these parameters, a total of 324
columns were analyzed in this study. Table 3 summarizes the
details for all the analyzed columns along with the considered
parameters.

4 Discussion and Analysis of Results

The results obtained from the pushover analysis conducted
on the rectangular column specimens have been discussed in
detail in the following sections.

4.1 Effect of Lap-Splice Length

4.1.1 Effect of Lap-Splice Length on Load–Displacement
Curve

Figure 6a, b represents the effect of lap-splice length on the
top lateral load–displacement curve of the columns for two
cases of axial load ratios and with gravity load hoops with a
volumetric ratio (ρv) of 0.29 %. The first graph represents the
columns with an axial load ratio of 0.1, which is most com-
mon for bridge columns, whereas the second is for columns
with an axial load ratio of 0.3, which is typical for columns in
special bridges and multistory buildings. As seen in the fig-
ures, degradation in the post-peak lateral stiffness of the col-
umn due to bond deterioration of lap-spliced reinforcement
is more pronounced with the lower axial load ratio (0.1). It
is noticed that changes in the lap-splice length do not affect
the pre-cracking stiffness, whereas the post-cracking stiff-
ness increases as the lap-splice length increases. It is also
noted that increasing the lap-splice length at the column
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Fig. 5 Dimensions and reinforcement details of studied bridge columns

base enhances its top lateral load–displacement characteris-
tics. Thereby, the column will have better energy absorption
capacity when exposed to seismic (or blast) attacks. For axial
load ratio of 0.1, post-peak stiffness degradation is noticed
for lap lengths up to 40φb, after which no degradation occurs
and the load–displacement response is the same for classes
A and B tension splices and agrees very well with that for
column with no lap splices. For the axial load ratio of 0.3,
degradation in the post-peak lateral stiffness is observed for
lap lengths up to 30φb, after which insignificant degradation
occurs.

4.1.2 Effect of Lap-Splice Length on Flexural Strength
of the Column

The maximum lateral load carrying capacity of a bridge col-
umn represents the level of flexural strength when exposed
to seismic actions. Figure 7a, b illustrates for gravity load
hoops and seismic hoops cases, respectively, the percentages
of reduction in maximum lateral load due to lap splices for
different axial load ratios. For the same hoop reinforcement
and lap-splice length, as the axial load ratio increases the

reduction in maximum lateral load decreases. For gravity
load hoops (ρv = 0.29 %), as the lap-splice length increases
the reduction in maximum lateral load decreases until a
lap-splice length of 50φb at which insignificant reduction
in flexural strength occurs. However, for seismic hoops
(ρv = 1.5 %), insignificant reduction in maximum lateral
load occurs for columns with lap-splice length of 40φb or
more.

4.1.3 Effect of Lap-Splice Length on Column Displacement
Ductility

Bridge substructures should have the capability to dissipate
the energy absorbed from earthquakes or blast attacks with-
out significant strength and stiffness degradation. Therefore,
current bridge design guidelines (e.g., Caltrans design guide-
lines [2]) require the bridge columns to have a minimum
displacement ductility of 4.0. In the present study, displace-
ment ductility was computed for each column considered
in this study and then plotted against lap-splice length ratio
(Ls/φb) as seen in Fig. 8a, b for axial load ratios of 0.1 and
0.3, respectively. For columns with axial load ratio of 0.1,
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Table 3 Details of studied columns

Column Lap length
(mm)

Type of lap
splice

Axial load
(kN)

Axial load
ratio

Transverse
hoops

C1 to C6 640 20φb (substandard splice) 0 0 Case 1: 5 ∅ 10 mm/m

C7 to C12 960 30φb (substandard splice) 0 0 Exterior hoops with ρv = 0.12 %

C13 to C18 1,280 40φb (substandard splice) 0 0 (substandard volumetric ratio)

C19 to C24 1,600 50φb (ACI Class A tension splice) 0 0

C25 to C30 1,920 60φb (ACI Class B tension splice) 0 0

C31 to C36 No splices None 0 0

C37 to C42 640 20φb (substandard splice) 2,250 0.05

C43 to C48 960 30φb (substandard splice) 2,250 0.05

C49 to C54 1,280 40φb (substandard splice) 2,250 0.05

C55 to C60 1,600 50φb (ACI Class A tension splice) 2,250 0.05 Case 2: 5 Ø10 mm/m

C61 to C66 1,920 60φb (ACI Class B tension splice) 2,250 0.05 Exterior and interior hoops with ρv = 0.29 %

C67 to C72 No splices None 2,250 0.05 (satisfying ACI code provisions for
gravity load requirements)

C73 to C78 640 20φb (substandard splice) 4,500 0.1

C79 to C84 960 30φb (substandard splice) 4,500 0.1

C85 to C90 1,280 40φb (substandard splice) 4,500 0.1

C91 to C96 1,600 50φb (ACI Class A tension splice) 4,500 0.1

C97 to C102 1,920 60φb (ACI Class B tension splice) 4,500 0.1

C103 to C108 No splices None 4,500 0.1

C109 to C114 640 20φb (substandard splice) 6,750 0.15 Case 3: 10 Ø10 mm/m

C115 to C120 960 30φb (substandard splice) 6,750 0.15 Exterior and interior hoops with ρv = 0.59 %

C121 to C126 1,280 40φb (substandard splice) 6,750 0.15

C127 to C132 1,600 50φb (ACI Class A tension splice) 6,750 0.15

C133 to C138 1,920 60φb (ACI Class B tension splice) 6,750 0.15

C139 to C144 No splices None 6,750 0.15

C145 to C150 640 20φb (substandard splice) 9,000 0.2

C151 to C156 960 30φb (substandard splice) 9,000 0.2

C157 to C162 1,280 40φb (substandard splice) 9,000 0.2

C163 to C168 1,600 50φb (ACI Class A tension splice) 9,000 0.2 Case 4: 10 Ø12 mm/m

C169 to C174 1,920 60φb (ACI Class B tension splice) 9,000 0.2 Exterior and interior hoops with ρv = 0.84 %

C175 to C180 No splices None 9,000 0.2

C181 to C186 640 20φb (substandard splice) 11,250 0.25

C187 to C192 960 30φb (substandard splice) 11,250 0.25

C193 to C198 1,280 40φb (substandard splice) 11,250 0.25

C199 to C204 1,600 50φb (ACI Class A tension splice) 11,250 0.25

C205 to C210 1,920 60φb (ACI Class B tension splice) 11,250 0.25

C211 to C216 No splices None 11,250 0.25

C217 to C222 640 20φb (substandard splice) 13,500 0.3

C223 to C228 960 30φb (substandard splice) 13,500 0.3 Case 5: 7 Ø16 mm/m

C229 to C234 1,280 40φb (substandard splice) 13,500 0.3 Exterior and interior hoops with ρv = 1.05 %

C235 to C240 1,600 50φb (ACI Class A tension splice) 13,500 0.3

C241 to C246 1,920 60φb (ACI Class B tension splice) 13,500 0.3

C247 to C252 No splices None 13,500 0.3

C253 to C258 640 20φb (substandard splice) 15,750 0.35

C259 to C264 960 30φb (substandard splice) 15,750 0.35

C265 to C270 1,280 40φb (substandard splice) 15,750 0.35

C271 to C276 1,600 50φb (ACI Class A tension splice) 15,750 0.35
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Table 3 continued

Column Lap length
(mm)

Type of lap
splice

Axial load
(kN)

Axial load
ratio

Transverse
hoops

C277 to C282 1,920 60φb (ACI Class B tension splice) 15,750 0.35 Case 6: 10 Ø16 mm/m

C283 to C288 No splices None 15,750 0.35 Exterior and interior hoops with ρv = 1.5 %

C289 to C294 640 20φb (substandard splice) 18,000 0.4 (satisfying ACI code provisions for
seismic load requirements)

C295 to C300 960 30φb (substandard splice) 18,000 0.4

C301 to C306 1,280 40φb (substandard splice) 18,000 0.4

C307 to C312 1,600 50φb (ACI Class A tension splice) 18,000 0.4

C313 to C318 1,920 60φb (ACI Class B tension splice) 18,000 0.4

C319 to C324 No splices None 18,000 0.4
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Fig. 6 Effect of lap-splice length on load–displacement curve

as the lap-splice length increases the displacement ductility
increases until a lap length of 50φb after which the increase
in the ductility became insignificant. For columns with axial
load ratio of 0.3, as the lap-splice length increases the dis-
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Fig. 7 Effect of lap-splice length on reduction of maximum lateral
load

placement ductility increases until a lap length of 40φb after
which insignificant increase in ductility was noted. For the
two cases of axial load ratios, in order to achieve a minimum
displacement ductility of 4.0, lap splices as short as 20φb
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Fig. 8 Effect of lap-splice length on column ductility

and 30φb should not be used in the potential plastic hinge
locations.

4.1.4 Effect of Lap-Splice Length on Ultimate Slip Strain
of Longitudinal Tension Bars

For a fully effective bond between reinforcing steel and sur-
rounding concrete, no slippage should occur and the bar slip
strain should be near zero. Higher slip strains are usually
anticipated for short lap splices and always induce large col-
umn deformations; however, it does not necessarily lead to
stiffness degradation unless poor lap-splice clamping is pro-
vided. Ultimate slip strain of the extreme tension bars in the
column section was computed and then plotted against the
lap-splice length ratio (Ls/φb) as demonstrated in Fig. 9a–c
for three different levels of hoop reinforcement (ρv = 0.12,
0.29 and 1.5 %). As shown in the graphs, increasing the axial
load ratio significantly reduces the ultimate slip strain, espe-
cially for columns with low levels of hoop reinforcement.
For classes A and B tension splices, very small slip strains
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Fig. 9 Effect of lap-splice length on ultimate slip strain

were observed for different levels of both axial load ratio
and hoop reinforcement. However, for a lap splice with a
length of 40φb, very small slip strains were calculated only,
for columns with seismic hoops (ρv = 1.5 %).
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Fig. 10 Effect of lap-splice length on ultimate tensile steel strain

4.1.5 Effect of Lap-Splice Length on Ultimate Elongation
Strain of Longitudinal Tension Bars

As mentioned earlier, the total geometric strain for each bar
in tension consists of two components: slippage and elonga-
tion. Figure 10a, b shows the plots for the ultimate elongation
strains calculated for the extreme tension bars in the column
cross section, plotted against lap-splice length ratio (Ls/φb),
for the axial load ratios of 0.1 and 0.3, respectively. On the
graphs, the yield strain, εy , and the strain at onset of strain
hardening, εsh, are shown for reference. For columns with an
axial load ratio of 0.1, as the lap-splice length increases the
ultimate tensile steel strain increases until a lap length of 50φb

after which no increase in ultimate steel strain takes place.
For columns with axial load ratio of 0.3, as the lap-splice
length increases the ultimate tensile steel strain increases up
to a lap length of 40φb after which insignificant increase in
ultimate steel strain occurs. In columns with lap-splice length
of 20φb, it was noticed that the tensile steel did not even reach
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Fig. 11 Effect of axial load ratio on load–displacement curve

the yield point. However, in columns with lap-splice length
of 30φb, tensile steel entered the strain-hardening zone with
transverse hoops of minimum volumetric ratio of 0.84 %.

4.2 Effect of Axial Load Ratio

4.2.1 Effect of Axial Load Ratio on Load–Displacement
Curve

The effect of axial load ratio on load–displacement curves is
demonstrated in Fig. 11a, b for lap lengths of 40φb and 60φb,
respectively. The graphs are shown for hoops of volumetric
ratio of 0.29 %, which corresponds to those used in gravity-
loaded columns. For lap-splice length of 40φb, it is noted
that increasing the axial load on the column retards bond
slippage of lap-spliced reinforcement until higher stages of
lateral loading. For both cases, it was found that increasing
the axial load on the column not only increases its flexural
strength and lateral stiffness (post-cracking slope of load–
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Fig. 12 Effect of axial load ratio on column ductility

displacement curve) but also decreases its ultimate lateral
displacement.

4.2.2 Effect of Axial Load Ratio on Column Displacement
Ductility

The effect of axial load ratio on column ductility is demon-
strated in Fig. 12a, b for lap lengths of 40φb and 60φb, respec-
tively. For lap-splice length of 40φb, increasing the axial
load ratio has insignificant effect on the column ductility
for columns with transverse hoops of volumetric ratios up
to 0.59 %. Yet, for columns with transverse hoops of min-
imum volumetric ratio of 0.84 %, increasing the axial load
ratio beyond 20 % decreases the displacement ductility of
the column. For columns with Class B tension splices (lap
length = 60φb), increasing the axial load ratio generally
reduces the displacement ductility. For columns with lap-
splice length of 40φb or more and subjected to low or mod-
erate levels of axial load ratio (up to 20 %), transverse hoops
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Fig. 13 Effect of axial load ratio on ultimate tensile steel strain

with minimum volumetric ratio of 0.84 % should be provided
within the lap-splice zone. And, for columns with high levels
of axial load ratio (30–40 %), the lap-splice region should be
confined with hoop reinforcement of a minimum volumetric
ratio of 1.05 %.

4.2.3 Effect of Axial Load Ratio on Ultimate Elongation
Strain of Longitudinal Tension Bars

The effect of axial load ratio on the ultimate tensile steel
strain is demonstrated in Fig. 13a, b for lap lengths of 40φb

and 60φb, respectively. In general, increasing the axial load
ratio reduces the ultimate tensile steel strain, especially for
columns with Class B tension splice. For columns with lap-
splice length of 40φb or more and subjected to low or mod-
erate levels of axial load ratio (up to 20 %), transverse hoops
with a minimum volumetric ratio of 0.29 % should be pro-
vided within the lap-splice zone in order for the extreme
tension bars to go into the strain-hardening zone. However,
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Fig. 14 Effect of volumetric ratio of column hoops on load–
displacement curve

strain hardening occurs for extreme tension bars in columns
with high levels of axial load ratio (30–40 %) when the lap-
splice region is confined with hoop reinforcement of mini-
mum volumetric ratio of 0.59 %.

4.3 Effect of Transverse Hoops Ratio

4.3.1 Effect of Transverse Hoops Ratio
on Load–Displacement Curve

Presented in Fig. 14a, b is the effect of volumetric ratio of
transverse hoops on load–displacement behavior of columns
with axial load ratios of 0.1 and 0.3, respectively. The graphs
are shown for columns with lap-splice length of 40φb. In
general, increasing the volumetric ratio of transverse hoops
improves the load–displacement response of the column.
For axial load ratio of 0.1, post-peak stiffness degradation
is observed for all hoop ratios except for seismic hoops
(ρv = 1.5 %) for which no stiffness degradation occurs. How-
ever, for axial load ratio of 0.3, no stiffness degradation
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Fig. 15 Effect of volumetric ratio of column hoops on maximum lat-
eral load

occurs for columns having transverse hoops of volumetric
ratio greater than 0.59 %.

4.3.2 Effect of Transverse Hoops Ratio on Column Flexural
Strength

Presented in Fig. 15a, b, respectively, are the effects of volu-
metric ratio of column hoops, for the axial load ratios of 0.1
and 0.3, on the maximum lateral load for different lap-splice
lengths. For the same lap-splice length, increasing the volu-
metric ratio of column hoops improves its flexural strength
due to hoop effectiveness on enhancing both concrete con-
finement and lap-splice clamping. This may bring attention to
the importance of hoop reinforcement in reinforced concrete
columns subjected to lateral loading. By paying attention to
the transverse hoops in terms of volumetric ratio (amount and
spacing), flexural strength enhancement may be gained with-
out increasing the dimensions of the cross section, especially
for bridge columns located in low seismic regions. Increasing
the dimensions of the column section is not always desirable
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as it may cause an increase in the stiffness thereby attracting
higher seismic forces and alteration of bridge dynamic char-
acteristics. For an axial load ratio of 0.1, as the lap-splice
length increases from 20φb to 50φb, the maximum lateral
load also increases. The flexural strength is the same for
classes A and B tension splices and approximately comes
to that for columns with no lap splices. For an axial load
ratio of 0.3, increase in flexural strength is observed for lap
lengths up to 40φb, after which insignificant increase in max-
imum lateral load takes place and the flexural strength is the
same for columns with lap-splice length of 40φb or more.

5 Conclusions

The following conclusions are derived from the results of this
research:

1. The top lateral load–displacement characteristics of a col-
umn and thereby its energy absorption capacity when
exposed to lateral loading as a result of seismic loads (or
blast attacks) can be improved by increasing the lap-splice
length at the column base.

2. In order to achieve a minimum ductility of 4.0 as required
by current seismic design guidelines for bridges (such as
Caltrans design guidelines), lap splices as short as 20φb

and 30φb should not be used in the potential plastic hinge
locations.

3. For the same lap-splice length, increasing the volumet-
ric ratio of column hoops enhances the lateral load–
displacement response due to the hoops effectiveness
on enhancing both concrete confinement and lap-splice
clamping.

4. Increasing the axial load on the column delays bond slip-
page in the tension lap splice until higher stages of lateral
loading.

5. Increasing the axial load on the column increases its flex-
ural strength and post-cracking lateral stiffness.

6. Increasing the axial load on the column decreases its ulti-
mate lateral displacement and ductility.

7. For R/C tall rectangular bridge columns with low (or mod-
erate) levels of axial load ratio (up to 20 %) and subjected
to low (or moderate) seismic actions, lap splices, if used in
the plastic hinge locations, have to be at least of the ACI’s
Class A type tension splice and should be clamped with
hoop reinforcement of at least 50 % of that required by
the ACI code for seismic design. However, if the columns
shall experience strong seismic actions (or blast attacks),
seismic hoops as required by the ACI code should be pro-
vided within the lap-splice region.

8. For R/C tall rectangular bridge columns with high lev-
els of axial load ratio (30–40 %) and subjected to low
(or moderate) seismic actions, lap splices, if used in the

potential plastic hinge locations, have to be at least of
40φb length and should be confined with hoop reinforce-
ment of at least 70 % of that required by the ACI code
for seismic design. Yet, if the columns shall experience
strong seismic actions (or blast attacks), seismic hoops as
required by the ACI code should be used in the lap-splice
zone.
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