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a b s t r a c t

The results of an experimental program conducted to study the splice strength of large diameter, high
strength reinforcing bars, either No. 20 (63.5 mm diameter) or No. 9 (28 mm diameter), are presented.
The parameters included in the experimental program are the bar size, splice length, concrete compres-
sive strength, and the amount of transverse reinforcement provided within the splice zone. The ability of
several models including the current ACI 318 Building Code, to predict the maximum steel stresses at the
onset of splitting failure was examined for these high strength, large diameter bars. The influence of the
moment of inertia of the bar on the induced splitting stresses was evaluated numerically using finite ele-
ment analysis. Test results showed that the presence of transverse reinforcement has a more pronounced
effect for large diameter spliced-bars compared to regular size bars. It is also shown that the current ACI
318 Building Code provided more conservative bond strength predictions for regular bars compared to
large diameter bars.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The main parameters that influence the bond strength of steel
reinforcing bars embedded in concrete are well documented in
the literature. These parameters include concrete cover, bar spac-
ing, bar casting position, development/splice length, bar size and
geometry, bar surface condition, yield strength of bars, concrete
compressive and tensile strength, aggregate type and quantity,
concrete slump and workability admixtures, and the amount of
transverse reinforcement provided in the splice or development
region [1–10]. One of the earliest and most valuable studies on
bond behavior of reinforcing bars was conducted by Orangun
et al. [2]. Based on regression analysis of 62 unconfined concrete
specimens and 54 confined concrete specimens, a simplified
general design expression for the maximum measured steel stress
in the spliced bars, fs at the onset of splitting failure was developed
as given in the following equation:
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Based on the work of Darwin et al. [3,4], ACI Committee 408
developed more refined design provisions for spliced bars as ex-
pressed in the following equation:
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Despite the extensive data base used in developing these provi-
sions, most of the data were obtained from tests of embedded bars
having diameters less than No. 11 (35 mm) and specified yield
strengths less than 80 ksi (550 MPa). It should be noted that the
current ACI 318-08 [11] provisions for development and splice
strength are empirical and are based primarily on the expression
developed by Orangun et al. [2]. In these provisions, it is prohibited
to use lap splices for reinforcing bars larger than No. 11 (35 mm
diameter). Lack of test data on the bond strength of large diameter
deformed steel bars is the primary reason for the current limit
included in the ACI 318 Building Code.

In an attempt to evaluate the validity of this limitation, an
experimental program was undertaken at the Constructed Facili-
ties Laboratory at North Carolina State University to evaluate the
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Nomenclature

Ab area of bar being developed or spliced
Astr area of one leg of stirrups at the splice region
Atr area of each stirrup crossing the potential plane of split-

ting adjacent to the reinforcement being spliced
ct top concrete cover for reinforcing bar being spliced
cmax maximum (ct, cs)
cmin minimum (ct, cs)
cs minimum [cso, csi + 0.25 in. (6.35 mm)]
csi 1/2 of the bar clear spacing
cso side concrete cover for reinforcing bar
db diameter of bar
f 0c concrete compressive strength
fs stress in reinforcing bar

fy yield strength of steel being spliced
fyt yield strength of transverse reinforcement
ld development length
ls splice length
n number of bars being spliced
N number of transverse stirrups within the splice length
Rr relative rib area of the reinforcement
s spacing of transverse reinforcement
td term representing the effect of bar size = 0.72db + 0.28,

(0.028db + 0.28)
tr term representing the effect of relative rib area =

9.6Rr + 0.28
u bond stress
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splice strength of No. 20 (63.5 mm diameter) bars compared to
that of No. 9 (28 mm diameter) bars. A total of 20 full-scale rein-
forced concrete beams were constructed and tested. The beams
were reinforced with high-strength steel bars spliced within the
constant moment region. The ability of current code provisions
to predict the splice strength is examined. The influence of the
splice length, confinement level, and bar moment of inertia on
the induced splitting stresses is discussed.

This study provides unique data on the bond behavior of large
diameter high-strength steel reinforcing bars using 48 ft (14.6 m)
long concrete beams complementing earlier studies using small
scale specimens. The experimental results presented herein, along
with the analytical investigation and comparison with previous
studies are useful for better understanding of the bond characteris-
tics and for investigating the influence of confinement on large
diameter steel bars. The knowledge gained from this study is signif-
icant for the assessment of code provisions for large diameter bars
in order to have these bars generally accepted and used in practice.
2. Experimental investigation

2.1. Test specimens

The test program consisted of 20 full-scale beam specimens with spliced tensile
reinforcement at mid-span. The beams were divided into five main groups. Each
group was comprised of four specimens having similar concrete compressive
strength. The first beam in each group did not contain any transverse reinforcement
within the splice zone. The second and third beams in each group were identical
and were confined with transverse reinforcement within the splice zone. The fourth
beam in each group contained double the transverse reinforcement used in the sec-
ond and third beams. All beams were tested under four point bending to provide a
constant moment region at the location of the splice. Groups 1, 2 and 3 consisted of
12 concrete beams, each reinforced with three No. 9 (28 mm diameter) bars, placed
at the tension side of the beam and spliced at mid-span. The beams were 22 ft
(6.7 m) long and had a rectangular cross section of 16 in. wide � 20 in. deep
(406 mm � 508 mm). Two No. 4 (13 mm diameter) bars were placed longitudinally
in the compression region of the beam to minimize cracking during transportation
and to hold the beam together after rupture of the splice. The beams were rein-
forced with No. 3 (10 mm diameter) stirrups spaced every 9 in. (230 mm) outside
the splice region to prevent shear failure. Groups 4 and 5 were comprised of eight
concrete beams, each reinforced with two No. 20 (63.5 mm diameter) bars, placed
in the tension side of the beam and spliced at mid-span. The beams were 48 ft
(14.6 m) long and had a rectangular cross section of 18 in. wide � 30 in. deep
(457 mm � 762 mm). Four No. 11 (35 mm diameter) bars were placed longitudi-
nally in the compression region of the beam. The beams were reinforced with No.
5 (16 mm diameter) stirrups spaced every 6 in. (152 mm) outside the splice region
to prevent shear failure. Fig. 1 shows the reinforcement details of the splice beams
tested in this program. The splice lengths for the beams in groups 1, 2, 4 and 5, were
designed according to the ACI 318 Building Code to achieve the yield strength of the
steel bars. In order to examine the ability of the code provisions to predict the splice
strength prior to yielding of the bars, the splice lengths for the concrete beams in
group 3 were selected to achieve half of the yield strength of the bars. Design
was performed using nominal concrete compressive strength of 6000 psi
(41 MPa) for groups 1, 3, and 4 whereas for groups 2 and 5 a concrete compressive
strength of 12,000 psi (82 MPa) was used to complement the high tensile strength
of the reinforcing bars. Table 1 provides a summary of the specimens’ designation
and test parameters.

2.2. Test setup and instrumentation

The beams were tested under four point bending in an inverted position to al-
low observation and monitoring of the cracks on the top surface of the beam. For all
beams, electrical resistance strain gauges were attached to the top of the steel bars
approximately 1 in. (25 mm) away from the end of the splice length to monitor the
strains developed in the bars. In addition, PI gauges were mounted on the compres-
sion face of the specimen to monitor strains in the compression zone. Five string
potentiometers were attached to the bottom face of the specimen at the location
of the supports, at quarter points, and at the center of the beam to monitor deflec-
tions. The test setup for the concrete specimens tested in groups 1, 2, and 3 included
two 135 kips (600 kN) calibrated hydraulic jacks located at the quarter-spans of
each beam while four 135 kips (600 kN) jacks were used to achieve the higher loads
required for testing the concrete specimens in groups 4 and 5. Two steel cross-
beams were used to tie the ends of each specimen to the testing floor. A steel plate
was placed on a leveled pad of non-shrink grout at the end of each specimen, di-
rectly underneath the tie-down beams. Calibrated load cells were placed on top
of the steel plates and underneath the tie down beams. Fig. 2 and 3 show schematic
and photographs of the test setup for splice beams in different groups.

2.3. Materials

2.3.1. Reinforcing steel
The spliced reinforcing bars, No. 9 (28 mm diameter) and No. 20 (63.5 mm

diameter) were threaded over their entire length. The tensile stress–strain behavior
of the bars is shown in Fig. 4. The bars have an elastic modulus of elasticity of
29,000 ksi (200 GPa). According to the ASTM A370-07 [12] offset method (0.2% off-
set), the yield strength of the bars ranged from 106 to 109 ksi
(730–750 MPa). The ultimate tensile strength of the bars ranged from 124 to
132 ksi (855–910 MPa). The relative rib areas of No. 9 (28 mm diameter) and No.
20 (63.5 mm diameter) bars were 0.18 and 0.16, respectively. Other reinforcing bars
used in the test program were Grade 60 deformed bars. The bars have a yield
strength of 60 ksi (414 MPa) and modulus of elasticity of 29,000 ksi (200 GPa).

2.3.2. Concrete
A commercial ready mix plant supplied the concrete. Two different concrete

mixtures were designed to achieve a 6000 psi (41 MPa) and 12,000 psi (82 MPa)
concrete. Portland cement, washed sand, and aggregate of 0.75 in. (19 mm) maxi-
mum size were used to prepare the low strength concrete mixture. A super plasti-
cizer was added to the second mixture to achieve the high strength concrete. The
maximum aggregate size in the second mixture was 3/8 in. (10 mm). The compres-
sive strength of concrete was determined at the day of testing the splice beams
using 4 � 8 in. (102 � 204 mm) cylinders cast at the same time as the specimens
and cured alongside the specimens. The concrete compressive strength of the test
specimens is given in Table 1.
3. Experimental results

3.1. General behavior and mode of failure

During the early stage of load application, flexural cracks initi-
ated in the constant moment zone just outside the splice region.



16 in.
(406 mm)

20 in.
(508 mm)

2.0 in. 
(50 mm)

3.0 in.  (75 mm)

 3.5 in.
(89 mm )

2 in.  
(50 mm)

  Three spliced 
#9 (28 mm) Bars

2 No. 13
  2 #4

2.75 in.
(70 mm) 4.50 in

(114 mm)

6.0 in.  
(152 mm)

4 No. 35
 4 #11

     Two spliced 
# 20 (63.5 mm) Bars

 30 in. (762 mm )

18 in. 
(457 mm)

2.5 in.
(63.5 mm )

SECT. 2-2SECT. 1-1

Fig. 1. Reinforcement details of splice beam specimens.

Table 1
Properties of splice beam specimens.

Group Specimen db (in.) n ls (in.) Rr f 0c (psi) ct (in.) cso (in.) csi (in.) cs (in.) cmin (in.) N Astr (in.) [2] fs (ksi) fs/fy

1 B1.1 1.125 3 64 0.18 6300 3.0 1.44 1.19 1.44 1.44 0 0.00 104 0.95
B1.2 1.125 3 60 0.18 6300 3.0 1.44 1.19 1.44 1.44 3 0.11 95 0.87
B1.3 1.125 3 60 0.18 6300 3.0 1.44 1.19 1.44 1.44 3 0.11 95 0.87
B1.4 1.125 3 56 0.18 6300 3.0 1.44 1.19 1.44 1.44 8 0.11 93 0.85

2 B2.1 1.125 3 46 0.18 9400 3.0 1.44 1.19 1.44 1.44 0 0.00 110 1.01
B2.2 1.125 3 43 0.18 10,100 3.0 1.44 1.19 1.44 1.44 3 0.11 111 1.01
B2.3 1.125 3 43 0.18 10,100 3.0 1.44 1.19 1.44 1.44 3 0.11 112 1.02
B2.4 1.125 3 40 0.18 9400 3.0 1.44 1.19 1.44 1.44 6 0.11 112 1.02

3 B3.1 1.125 3 32 0.18 7460 3.0 1.44 1.19 1.44 1.44 0 0.00 59 0.54
B3.2 1.125 3 30 0.18 7460 3.0 1.44 1.19 1.44 1.44 3 0.11 59 0.54
B3.3 1.125 3 30 0.18 7460 3.0 1.44 1.19 1.44 1.44 3 0.11 59 0.54
B3.4 1.125 3 28 0.18 7460 3.0 1.44 1.19 1.44 1.44 4 0.11 58 0.53

4 B4.1 2.50 2 235 0.16 6000 3.25 1.5 1.75 1.5 1.5 0 0.00 83 0.78
B4.2 2.50 2 207 0.16 6000 3.25 1.5 1.75 1.5 1.5 12 0.20 105 0.99
B4.3 2.50 2 207 0.16 7700 3.25 1.5 1.75 1.5 1.5 12 0.20 105 0.99
B4.4 2.50 2 185 0.16 8400 3.25 1.5 1.75 1.5 1.5 21 0.20 107 1.00

5 B5.1 2.50 2 166 0.16 11,300 3.25 1.5 1.75 1.5 1.5 0 0.00 85 0.80
B5.2 2.50 2 146 0.16 11,100 3.25 1.5 1.75 1.5 1.5 8 0.20 98 0.92
B5.3 2.50 2 146 0.16 10,300 3.25 1.5 1.75 1.5 1.5 8 0.20 93 0.88
B5.4 2.50 2 131 0.16 10,100 3.25 1.5 1.75 1.5 1.5 15 0.20 107 1.00

Note: 1 in. = 25.4 mm, 1000 psi = 1 ksi = 6.895 MPa.
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As the load increased, flexural cracks propagated randomly along
75–100% of the splice length at ultimate load. At approximately
50% of the ultimate load, splitting cracks formed simultaneously
at both ends of the splice and propagated towards mid-span.
Additional splitting cracks were also observed and initiated from
the existing transverse flexural cracks at the top surface of the
beam specimens below the reinforcing bars. As the load increased,
the side and top splitting cracks propagated along the full length of



(i) Groups 1, 2, and 3  

(ii) Groups 4 and 5  

Fig. 2. Schematic of test set-up for splice beams.

(i) Groups 1, 2, and 3  (ii) Groups 4 and 5  

Fig. 3. Splice beams prior to testing.
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the spliced bars in a clear and well defined pattern. Side splitting of
the concrete cover was the prevailing mode of failure for all the
tested specimens. It should be noted that the top cover in all the
specimens was significantly larger than half of the clear spacing
between the spliced bars. Therefore, side splitting failure was
clearly the dominant failure mode of all the tested specimens.
For the unconfined concrete specimens, failure was sudden, violent
and complete along the splice length as shown in Fig. 5a and b for
concrete beams reinforced with No. 9 (28 mm diameter) and No.
20 (63.5 mm diameter) bars, respectively. Failure was accompa-
nied by a complete loss in load resistance and a sudden drop of
the applied load. Confined concrete specimens exhibited a more
ductile post-splitting behavior. Nevertheless, the failure was also
brittle as demonstrated in Fig. 6a and b. The transverse reinforce-
ments within the splice region were unable to confine the failure
nor reduce spalling of the concrete specially for the No. 20
(63.5 mm diameter) bars. This behavior could be attributed to
the large moment of inertia of the bars, which induced additional
splitting stresses as will be discussed in the following sections.

3.2. Developed stresses

Figs. 7a–e depict the applied moment versus the maximum
measured steel stress normalized to f 00:5c for the different beam
groups. The figure indicates identical behavior for the concrete
beams reinforced with No. 9 (28 mm diameter) bars in groups 1,
2 and 3 as shown in Fig. 7a–c, respectively. It should be noted that
the concrete beams within each group were designed according to
the ACI 318 Building Code to achieve the same splice strength.
Such a criterion was accomplished by varying the splice length
from one beam to the other depending on the confinement level
provided within the splice region. Therefore, this identical behavior
was expected for regular diameter reinforcing bars and indicates
that the influence of the confining transverse reinforcement within
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the splice region is well accounted for in the code provisions.
Conversely, a significant discrepancy was observed among the
concrete beams reinforced with No. 20 (63.5 mm diameter) bars
in groups 4 and 5 as shown in Fig. 7d and e, respectively. At any
applied moment, the normalized measured tensile stresses were
much higher in the unconfined specimen compared to the confined
specimen as shown in Fig. 7d. This behavior was highly pro-
nounced in concrete beams having lower concrete compressive
(a) Beams reinforced with No.

(b) Beams reinforced with No. 2

Fig. 5. Typical side splitting failure
strength. The observed behavior strongly demonstrates the greater
influence of the confining transverse reinforcement on the splice
strength of large diameter bars compared to regular diameter bars.
Test results showed also that it is not possible to develop the yield
strength of No. 20 (63.5 mm diameter) bars without the use of
transverse reinforcement confining the splice region. In order to
further enumerate the effect of transverse reinforcement, the
average normalized bond strength, u=f 00:5c , is plotted versus Atrfyt/
(sndb) as shown in Fig. 8. The parameter Atrfyt represents the force,
which can be developed in the transverse reinforcement crossing
the potential plane of splitting. The average bond stress, u, was
determined based on the force developed in the bar at ultimate
load and the surface area of the bar along the splice length as given
by the following equation:

u ¼ Abfs

pdbls
ð3Þ

Fig. 8 clearly shows that increasing the transverse restraint
relative to bar diameter increases the normalized bond strength
in addition to that provided by the concrete cover alone. Such an
effect is more perceptible for the concrete beams reinforced with
No. 20 (63.5 mm diameter) bars as reflected by the flatter slope
of the best fitting line passing through the test results for the
concrete beams reinforced with No. 9 (28 mm diameter) bars
compared to those reinforced with No. 20 (63.5 mm diameter)
bars.

4. Comparison with code and empirical design expressions

The maximum measured steel stresses at the onset of splitting
failure for all tested beams were compared to those calculated
 9 (28 mm diameter) bars 

0 (63.5 mm diameter) bars 

for unconfined concrete beams.



(a) Beams reinforced with No. 9 (28 mm diameter) bars 

(b) Beams reinforced with No. 20 (63.5 mm diameter) bars 

Fig. 6. Typical side splitting failure for confined concrete beams.
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using the well known expressions proposed by Orangun et al. [2],
(Eq. (1)), ACI Committee 408 [1] (Eq. (2)) and ACI 318-08 [11]
design provisions. The development length ld in these expressions
was replaced by ls/1.3 to account for the bar casting position,
where ls is the splice length. Fig. 9a and b show that the predicted
steel stresses versus the measured values for the unconfined and
confined concrete beams reinforced with No. 9 (28 mm diameter)
bars using different design expressions. In general, the predicted
stresses using any of the three approaches were in good agreement
with the measured values. The beneficial effect of confinement on
the splice strength of these beams is represented with sufficient
accuracy in the three approaches. The average of the developed/
predicted steel stress for the concrete beams reinforced with No.
9 (28 mm diameter) bars using ACI 318-08 is 1.25 with a standard
deviation of 0.14.

The predicted versus the measured steel stresses for the
unconfined and confined concrete beams reinforced with No. 20
(63.5 mm diameter) bars using different design expressions are
shown in Fig. 10a and b. The ACI Committee 408 design expression
predicted consistently higher stresses compared to the measured
values specially for the confined specimens. This could be attrib-
uted to the large relative rib area of these bars, which exceeded
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approaches for the unconfined beams reinforced with No. 9 (28 mm diameter) bars.
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the values used in calibrating the ACI Committee 408 design
expression. Although the predicted stresses using Orangun et al.
[2], (Eq. (1)) and ACI 318-08 [11] design expressions are deemed
satisfactory compared to the measured values, it is interesting to
note that the safety margin is reduced considerably when using
these expressions to predict the developed stresses in No. 20
(63.5 mm diameter) bars particularly for the unconfined speci-
mens. Such an observed trend suggests presence of additional
splitting stresses around the large diameter bars and necessitates
further analysis as will be discussed in the following section. The
increase in splitting stresses could be attributed to the large
moment of inertia of the bars with respect to the surrounding
concrete. The average of the developed/predicted steel stress for
the concrete beams reinforced with No. 20 (63.5 mm diameter)
bars using ACI 318-08 is 1.15 with a standard deviation of 0.12.
A summary of the developed and predicted steel stresses using
different approaches is given in Table 2.
5. Analytical investigation

In an attempt to investigate the influence of the moment of
inertia of large diameter bars on the induced splitting stresses, a
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Table 2
Comparison between measured and predicted steel stresses.

Group Specimen Measured/predicted steel stress

Orangun et al. 1977 ACI 408R ACI 318-08

1 B1.1 1.17 1.20 1.21
B1.2 1.04 1.03 1.08
B1.3 1.04 1.03 1.07
B1.4 1.01 0.90 1.05

2 B2.1 1.32 1.42 1.46
B2.2 1.25 1.24 1.38
B2.3 1.26 1.26 1.40
B2.4 1.30 1.16 1.43

3 B3.1 1.04 1.01 1.27
B3.2 1.02 0.88 1.23
B3.3 1.02 0.88 1.23
B3.4 0.99 0.84 1.20

Mean 1.12 1.07 1.25

T.K. Hassan et al. / Construction and Building Materials 26 (2012) 216–225 223
non-linear finite element analysis was conducted using ANATECH
Concrete Analysis Program (ANACAP) [13,14]. The concrete
material model in ANACAP has evolved over the past 35 years
and is based on the smeared cracking methodology. The compres-
sive behavior of the concrete follows the generally accepted princi-
ples of computational plasticity. Within the concrete constitutive
model, cracking and all other forms of material non-linearity are
treated at the finite element integration points. Cracks are assumed
to form perpendicular to the principal tensile strain direction in
which the cracking criterion is exceeded. When cracking occurs,
the stress normal to the crack direction is reduced to zero, which
results in redistribution of stresses around the crack. The ability
of cracked concrete to share the tensile forces with the steel rein-
forcement between cracks is modeled in ANACAP by means of a
tension softening model. The modeling of concrete also includes
residual tension stiffness for the gradual transfer of load to the
reinforcement during crack formation. The program also accounts
for the reduction in shear stiffness due to cracking and further
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Fig. 10a. Predicted steel stresses versus the measured values using different
approaches for the unconfined beams reinforced with No. 20 (63.5 mm diameter)
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Standard deviation 0.13 0.19 0.14

4 B4.1 1.00 0.99 1.00
B4.2 1.23 0.93 1.24
B4.3 1.08 0.84 1.10
B4.4 1.03 0.67 1.05

5 B5.1 0.98 1.10 1.06
B5.2 1.11 0.89 1.21
B5.3 1.10 0.88 1.20
B5.4 1.24 0.81 1.35

Mean 1.10 0.89 1.15
Standard deviation 0.10 0.13 0.12
decay as the crack opens. The reinforcement is modeled as individ-
ual sub-elements within the concrete elements. Rebar sub-element
stiffnesses are superimposed on the concrete element stiffness in
which the rebar resides. More details and validation of the program
using independent test results can be found elsewhere [15–17].
Taking advantage of the symmetry in geometry and loading condi-
tions, half of the concrete specimen B4.3, reinforced with No. 20
(63.5 mm diameter) bars was modeled using 20-node brick
elements. Each node has three translational degrees of freedom.
The finite element mesh was chosen so that elements would main-
tain an acceptable aspect ratio. The spliced reinforcements were
modeled as truss elements embedded in the concrete elements.



Vertical 
strain 

Load at which 
splitting crack is 

observed to 
initiate during 

testing 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

-0.001 0 0.001 0.002 0.003 0.004 0.005
ε zz in./in. (mm/mm)

Lo
ad

 (k
N

)

0

45

90

135

180

225

270

315

360

405

450

Lo
ad

 (k
ip

s)

Initiation of 
splitting crack
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The applied load versus the transverse strain at the spliced bar
cutoff location is shown in Fig. 11. Results of the analysis showed
that initiation of splitting cracks were predicted at a load level of
180 kips (800 kN), which is 20% higher than the measured value.
Such a difference between the predicted and measured values is
Applied 
load

Concrete with reduced 
modulus to account for 

concrete cracking

Uncracked concrete

Support

Fig. 12. Finite element m

Fig. 13. Stress contours at the spliced bar cutoff point w
expected to take place as a result of the assumed numerical mod-
eling parameters for the concrete properties, boundary conditions,
mesh size and loading steps. In the model, formation of splitting
cracks is accompanied by a significant increase in the strain with
slight increase in load. Initial trials to use solid elements to model
the spliced reinforcement provided significant restraints to forma-
tion of splitting cracks due to the full bond between the bars and
the concrete as assumed by the program in the transverse direc-
tion. Modeling of the reinforcement as beam elements was also
not possible in ANACAP due to the difference in the degrees of free-
dom at the connecting nodes. In order to investigate the influence
of bar diameter on the induced splitting stresses after concrete
cracking, the analysis was performed using SAP2000 [18] in which
the beam was modeled using 8-node solid elements and the rein-
forcements were modeled using either beam or truss elements. The
analysis assumed a reduced modulus of elasticity for the middle
portion of the beam to account for cracking as shown in Fig. 12.
The resulting transverse stress contours at the end of the bar cutoff
point is shown in Fig. 13a and b using truss and beam elements,
respectively. Localized tensile stress contours around the spliced
bar were predicted in the analysis demonstrating the tendency of
the bar to straighten out as the beam deforms. Results of the anal-
yses showed that the induced splitting stresses increased by 15%
when using beam elements and accounting for the moment of
inertia of the bars compared to those predicted using truss ele-
ments. The analysis shows pronounced increase in splitting stres-
ses for beams without transverse reinforcement within the splice
region. The analysis depicts an increase of 25% in splitting stresses
using beam elements compared to those predicted using truss
Applied 
load

Support

Reinforcement layout

odel used in analysis.

ith transverse reinforcement in the splice region.



Fig. 14. Stress contours at the spliced bar cutoff point without transverse reinforcement in the splice region.
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elements for beams without transverse reinforcement as shown in
Fig. 14a and b.

6. Conclusions

Based on the experimental and the analytical studies, the fol-
lowing conclusions can be drawn:

1. Splitting failure of the concrete specimens reinforced with No.
20 (63.5 mm diameter) bars was sudden, violent and occurred
along the entire length of the splice. It is recommended to use
minimum transverse reinforcements within the splice region
to confine the failure and to control propagation of splitting
cracks.

2. The splice strength of No. 20 (63.5 mm diameter) bars is more
influenced by the amount of transverse reinforcement used
within the splice region compared to that of No. 9 (28 mm
diameter) bars.

3. Regardless of the length used to splice No. 20 (63.5 mm diame-
ter) bars, the bars will not develop its yield strength without the
presence of transverse reinforcement within the splice region.
Using a development length of 72 times the diameter of the
bar developed only 80% of the yield strength of bars.

4. The ACI Committee 408 design expression predicted consis-
tently higher stresses for the concrete beams reinforced with
No. 20 (63.5 mm diameter) bars in comparison to the measured
values. This trend was more pronounced for the confined spec-
imens and could be attributed to the large relative rib area of
these bars, which exceeded the values used in calibrating the
ACI Committee 408 design expression.

5. The proposed expression by Orangun et al. [2] provides reason-
able estimates of the splice strength for both regular- and large-
diameter bars with or without transverse reinforcement confin-
ing the splice region.

6. Additional splitting stresses ranging from 15 to 25% can be
induced as a result of accounting for the bars’ moment of inertia
and its tendency to straighten out as the beam deforms.

7. The ACI 318 Building Code provisions for bond and develop-
ment can be extended to No. 20 (63.5 mm diameter) bars. How-
ever, to achieve a reasonable safety margin as that for regular
bar diameters, it is recommended to increase the development
length by 25% to account for additional splitting stresses devel-
oped by large diameter bars.
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