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IMPLEMENTATION STA-rEMENT 

The test program provides design guidance regarding layout of splices in reinforced concrete elements: piers, 
columns, and beams. In most cases the orientation of spliced bars, side-by-side or offset, does not influence the 
strength, and the constructor can use either orientation. However, in cases where the clear spacing between spliced 
bars is small, it is advisable to specify offset splices or to calculate a splice length to account for the reduction in 
splice strength if bars are placed side by side. 

Prepared in cooperation with the Texas Department of Transportation and the U.S. Department of Transportation, 
Federal Highway Administration 

DISCLAIMERS 

The contents of this report reflect the views of the authors, who are responsible for the facts and the 
accuracy of the data presented herein. The contents do not necessarily reflect the official views or policies of either 
the Federal Highway Administration or the Texas Department of Transportation. This report does not constitute a 
standard, specification, or regulation. 
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SUMMARY 

Column splices can either be oriented in a side-by-side configuration or in an offset configuration. The 
purpose of this study is to examine experimentally the behavior of both splice orientations, and to present 
recommendations for their usage. 

Four column specimens were tested and evaluated. Each had a 36-in. x 18-in. (914.4 x 457.2 mm) cross­
section, and the columns were 13 feet (3.96 m) tall, with both side-by-side and offset splices. In total, eight tests 
were performed considering the effects of the following variables: splice orientation, spacing between splices, and 
transverse reinforcement. Splice evaluations were based on bar stresses at failure, crack patterns, and modes of failure. 

Test results showed that offset splices consistently had higher bond strengths than side-by-side splices. If a 
splice is designed assuming an offset orientation, but constructed as a side-by-side splice, the bond strength may not 
be sufficient to develop the yield stress of the bars. 
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CHAPTER ONE 
Introduction 

1.1 Problem Statement 

Even though most reinforced concrete structures are considered to be monolithic, it is not possible to construct 
a complex structure without some construction joints. At such joints, reinforcement is discontinued for ease of 
construction, but, by lapping bars, the reinforcement is effectively made continuous. Laps are also used in 
extremely long members because bars are rolled in 60' maximum lengths. Columns, in particular, often have 
reinforcement spliced with dowels protruding from the footing or column beneath. Also, if a column is 
sufficiently tall, splices may be required along the height of the column (shown in Figure 1.1). 

I I I I I 

I I 1 I I 
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I I I J • f 
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111111 ,, " 
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,.--4:~:~~_;:_;:J~:==:;--- Column 

I I I I I 
Figure 1-1 Typical lap splices 

Isplice length 

Column splices can either be oriented in a side-by-side configuration or an offset configuration (see Figure 1.2). 
The orientation of the spliced bars, whether side-by-side or offset, is not usually specified by the engineer. The 
splice orientation is chosen by the contractor for ease of fabrication. Side-by-side splices will be more efficient 
in flexure than offset splices, with spliced steel distributed farther from the neutral axis near the splice region. 
Offset splices, though, have more clear spacing between bars, thus reducing the likelihood of a splitting failure 
in the concrete. Offset splices also offer a construction advantage, enabling the contractror to more easily lower 
a prefabricated reinforcing cage into place. 

The purpose of this study is to examine experimentally the behavior of both splice orientations, and to present 
recommendations for their usage. 

1.2 Project Background 
The test program is the final phase of a project, sponsored by the Texas Department of Transportation 
(TxDOT), in which anchorage and development characteristics of groups of reinforcing bars have been 
investigated. Previous phases of the project have focused on bundles of reinforcing steel, commonly used in 
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Figure 1-2 Typical splice orientations 

inverse T-beams or bents in highway bridges. 
Column splices, the focus of this study, are used in 
footing-to-column shaft connections and, if 
required, to splice reinforcement along the 
column's height. 

Test specimens were based on TxDOT column 
details. To accurately assess splice behavior, 
however, specimens were designed to fail in 
splitting before the reinforcement yielded. In 
practice, a splice must be capable of developing 
sufficiently high stresses, so that failure (splitting) 
does not occur in the splice. Concrete splitting and 
bar pullout, the modes of failure for splices of 
inadequate length, are non-ductile. Ductility is 
paramount in structural detailing, so that large 
deformations can be developed prior to failure, and 
provide a warning that the structure is in distress. 

1.3 Object and Scope 
The primary objective of this study was to-determine the strengths of different splice orientations, side-by-side 
and offset, as a function of spacing between splices and the presence of transverse reinforcement. Splice 
behavior was also observed and evaluated based on crack patterns, bar stresses, and mode of failure. The intent 
is to provide recommendations for the design of splices with varying configurations typical of those used in 
practice. 

Four column specimens were tested and evaluated. Each had a 36-inch x 18-inch cross-section, and the 
columns were 13 feet tall with both side-by-side and offset splices. In total, eight tests were performed 
considering the effects ofthefollowing variables: 

1. Splice orientation, whether side-by-side or offset, 

2. Spacing between splices, and 

3. Transverse reinforcement. 

Other characteristics, such as concrete strength, splice length, bar diameter, and concrete cover, were kept 
constant for all tests. All testing was performed at the Phil M. Ferguson Structural Engineering Laboratory at 
the University of Texas at Austin's J. J. Pickle Research Campus. 
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CHAPTER TWO 
Background 

2.1 The Bond Mechanism 
Concrete is reinforced with embedded steel bars where tension is expected to compensate for its low tensile 
strength. If well designed, an economical, ductile, and versatile building material is produced. Composite 
action between the concrete and steel depends on bond which allows forces from the concrete to be transferred 
to the steel. Without bond, the bars would slip, and, to reduce slip of the reinforcement, deformed bars are 
used. 

Originally, plain bars without deformations were used. Bond was developed by chemical adhesion and friction 
between steel and concrete. The bond from adhesion and friction was easily broken, and anchorage, in the 
form of hooks or plates, was provided at the end of the bar to prevent the reinforcement from pulling through 
the concrete [ 1]. Much of the length of the bars remained unbonded, though, allowing larger deflections and 
greater crack widths than would occur if the bond was preserved along the entire length. Eventually, 
reinforcing bars were made with deformations, or lugs, at regular intervals along their lengths to provide 
mechanical interlock between concrete and steel. Deformed reinforcement improved bond dramatically and is 
now used almost universally. 

The three factors contributing to bond of deformed bars are: 

1. Chemical adhesion of the bars to concrete, 

2. Friction due to the natural roughness of the bar surface, and 

3. Mechanical interlock of the bar deformations with adjacent concrete. 

Mechanical interlocking of the lugs is the principal factor contributing to the strain compatibility between 
concrete and steel. Once adhesion is overcome, it no longer contributes to bond. However, friction may play a 
significant role, particularly as shown in research where epoxy-coated bars are used [2]. 

Although bar deformations help to distribute stresses along the bar's length, stress transfer between the concrete 
and steel is not uniform. Between cracks in the cover, bar stresses decrease, reflecting the fact that concrete 
does have some tensile capacity. Average bar stresses are generally used when calculating bond strength. The 
bond stress can be determined by equating the tension of the bar to the average bond stress over the embedded 
bar surface. Surface and cross-sectional areas are based on nominal bar diameter, rather than accounting for the 
increased diameter at deformation locations. The tension force in the reinforcement is then: 

T=Abfs =(1tdb)l5u (2.1) 

where: T = tension in the reinforcement 

Ab = area of bar, ndb2/4 

db bar diameter 

fs = stress in the reinforcement 
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15 = anchorage length of the reinforcement considered 

u = verage bar stress along the anchorage length 

Rearranging terms and solving for u, 

(2.2) 

The transfer force between the reinforcement and concrete is chiefly developed by the deformations, which, due 
to their shape, produce a reactive force inclined to the axis of the bar. This inclined force can be expressed as 
two orthogonal components - one parallel and the other perpendicular to the axis of the bar. While the 
horizontal component directly resists the bar's tensile force, the perpendicular component acts radially to split 
the concrete cover and is resisted only by the tensile strength of the surrounding concrete (see Fig. 2.1). 
Depending on the amount of concrete cover and spacing between bars, the concrete failure can be classified as 
either a pull-out or a splitting failure. Characterized by the deformations shearing the surrounding concrete, bar 
pull-out is likely if the concrete cover and spacing between bars is large. Splitting, however, occurs when bar 
spacing or concrete cover is small, resulting in spalling of the concrete (see Fig. 2.2). 

The mode of splitting failure (Fig. 2.3) is determined by the relative sizes of the thickness of face cover (Cb), 
the thickness of side cover (C.), and the spacing between bars [3]. Side splitting, characterized by a horizontal 
split at the level of the bars, occurs when Cb > Cs. When Cs > Cb, face-and-side splitting occurs, with longitudi­
nal cracking through the bottom 
cover followed by splitting 
along the plane of the bars. A 
V -notch failure - longitudinal 
cracking followed by inclined 
cracking through the cover - T 
forms if Cs >> Cb. 

2.2 Previous 
Research { a ) Bond force on ber { b ) Reaction on concrete 

Extensive research has been 
performed to more fully 
understand and quantify bond 
behavior and to provide design 
recommendations. Because 
bond failure is a sudden, brittle 
failure mode, it must be 
carefully avoided. The 
guidance provided by research 
allows engineers to avoid bond 
failures without providing 
unreasonably long anchorage 
I ...... t.. Figure 2- 1 ent:,~,us. 

. . 
• • 

f ... 

N £eli U'=UtanjJ 
I> i . 

-c1 ·--1 = rad1al 
U component 

(c) Tangentat and mdial components 

Forces between deformed bars and surrounding concrete 
[3] 
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Figure2-2 Concrete spa/ling, the result of splitting 

C.>C,,· C=C.=S'/2 C >C } I 
• • s b C=Cb 

I ~»~ I 

1 Failure Patterns as for Single Bars : 
l I 

Side Split Failure 

At Failure Cs>> Cb 
V-Notch Failure 

Figure 2-3 

' 
Just befofe Failure 

I 

At Failure Cs>> Cb 
Face-and Side Split Failure 

Failure patterns for bar splices [3] 
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Previous research indicates that bond strength is dependent on the following factors: concrete tensile strength, 
bar diameter, thickness of concrete cover, embedment length, casting position, and confmement due to 
transverse reinforcement. From a series of tests on bond, Orangun, Jirsa, and Breen [3] empirically derived, 
using a regression analysis, a relationship for bond. They expressed bond as a function of the concrete strength, 
bar diameter, thickness of concrete cover, embedment, and confmement due to transverse reinforcement. Test 
results showed that, within certain limits, an increase in bar diameter decreased bond capacity, while an 
increase in any of the other parameters improved bond performance. Furthermore, Orangun, et al, were able to 
separate the contributions of plain concrete and transverse reinforcement to bond strength. Their equations for 
bond strength are applicable to both splices and individual bars being developed. The average bond strength 
for cases without transverse reinforcement is given by: 

(2.3) 

Test results demonstrated that transverse reinforcement improved anchorage ductility. An increase in the 
increment of stress over that provided by the concrete cover alone was observed for an increase in the amount 
of transverse reinforcement. There is, however, an upper limit to the benefit provided by transverse steel. To 

reflect this situation, the limit of U 1, / .[1! :S; 3 was placed on the contribution of transverse steel to bond 

strength. 

(2.4) 

For the tests considered by Orangun, et al, bars were immediately adjacent to transverse reinforcement. The 
effect of confinement on average bond strength may not be as beneficial otherwise. Bars not located at the 
bend or hook of the transverse steel may not be as effectively restrained. 

The total bond strength of a given bar can be taken as the sum of the components due to plain concrete 
(Equation 2.3) and transverse reinforcement (Equation 2.4). 

where: Atr = 
c = 
cb 

Cs = 

db 

~ 
JJ 

(2.5) 

= (12 + 3~ +50~+ Atrfyt JJf[ 
db 15 500sdb 

(2.6) 

area of transverse reinforcement crossing the plane of splitting, in2
. 

the smaller of Cb and Cs, in. 

clear bottom cover to main reinforcement, psi. 

half clear spacing between bars or splices or half available concrete width per bar 
of splice resisting splitting in the failure plane, psi. 

diameter of main reinforcement, in. 

yield stress of transverse reinforcement, psi. 

concrete compressive strength, psi. 
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Is length of lap splice, in. 

s spacing of transverse reinforcement, center-to-center, psi. 

U0 calculated average bond stress - without transverse reinforcement, psi. 

Uu- portion of strength contributed by transverse reinforcement, psi. 

Uca~ alculated average bond stress - with transverse reinforcement, psi. 

Equations 2.3 through 2.6 can be modified to reflect the lessened bond strength due to top-cast effects. If there 
is more than 30 em (12 in.) of concrete cast below the reinforcement in question, the bond strength given in 
equations 2.3 through 2.6 should be reduced by a factor of 1.3. 

It is more important, practically speaking, to determine a required splice length than an average bond stress. By 
setting equations 2.1 and 2.5 equal to each other, an estimate of the required splice or development length can 
be made: 

(2.7) 

The yield stress of the steel being developed or spliced would be substituted for fs to provide sufficient 
anchorage. 

2.3 Current Code Provisions 
In the 1995 ACI Building Code Requirements for Reinforced Concrete, a required development length is 
determined by using one of two sets of equations [4,5]. The frrst set of equations are a simplified approach for 
which the contribution of transverse steel is considered to be constant for all cases. Required development 
length, expressed in terms of the diameter of the bars being developed, is a function of the yield strength of the 
steel, the concrete compressive strength, and factors to reflect the effects of lightweight aggregate, epoxy 
coating, and bar location. These equations were developed to expedite the design process, recognizing that 
many practical construction cases utilize certain combinations of transverse reinforcement and bar spacing. 
The simplified equations are presented in Table 2.1. 

ACI also presents an equation similar in form to Equation 2.7 that more accurately considers the effect of 
transverse reinforcement on bond strength. This equation is applicable for all cases, regardless of bar size, bar 
spacing, or presence of transverse reinforcement. Similar to the simplified equations, the required development 
length is expressed in terms of the diameter of the bars being developed. Unlike the simplified equations, 
though, a designer could consider the effects of specific combinations of cover, spacing, and transverse 
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Table 2- 1 Simplified equations from ACI 318-95 

Clear spacing of bars being 
developed or splices not less than 
db, clear cover not less than db, and 

stirrups or ties throughout l d not 

less than the Code minimum or 
Clear spacing of bars being 
developed or spliced not less than 
2db and clear cover not less than db 

Other Cases 

i 

#6 and smaller bars 
and deformed wires 

fd /ya 13 A 
db::: 25Jfj 

ld 3/ya 13 A 
db= soJJj 

reinforcement. This more generalized equation is: 

c+Ktr 
where shall not be taken greater than 2.5. 

db 

#7 and larger bars 

fd /ya 13 A 
db::: 20J1j 

fd 3fya 13 A 
db= 40J1j 

The variables for all of the ACI equations presented above are defmed as follows: 

ld required development length, in. 

db diameter of bars being spliced, in. 

fy yield strength of steel, psi. 

J; concrete compressive strength, psi. 

(2.8), (2.9) 

(2.10), (2.11) 

(2.12) 

c minimum of the thickness of face cover or half the clear spacing between adjacent splices, 
in. 

Ktr = Atrfyt 
1500sn 

where Au 

fyt 

s 
n 

= 
= 
= 

total cross-sectional area of all transverse reinforcement which is 
within the spacing s and which crosses the potential plane of 
splitting, in2

• 

yield strength of transverse reinforcement, psi. 

maximum spacing of transverse reinforcement within ld, in. 

number of bars being developed along the plane of splitting. 

bar location factor 
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~ coating factor 

y bar size factor 

A. lightweight aggregate concrete factor. 

The American Association of State Highway and Transportation Officials (AASHTO) has also published 
specifications on the design and construction of concrete structures. In the current AASHTO provisions [6], a 
required development length is determined in a multipartite process. A basic development length, ldb• is frrst 
calculated based upon the concrete compressive strength and the size and yield strength of the bars being 
spliced. Factors can then be applied to that basic development length to adjust the required splice length to suit 
the conditions. Factors are dependent on cover, spacing between splices, transverse reinforcement, top casting, 
epoxy coating, lightweight aggregate, and excess reinforcement. The development length is: 

[
125AbfyJ 

ld = .Jf[ . X Fmod (2.13) 

but not less than 

(2.14) . 

The variables for the AASHTO equation presented above are as follows: 

~ required development length, in. 

Ab cross-sectional area of the bar being developed, in2
• 

fy yield strength of bar being developed, ksi. 

J; compressive strength of concrete, ksi. 

F mod product of all applicable modification factors. 

All ACI- or AASHTO- calculated development lengths are further factored for splices. Depending on the 
number of bars spliced at a certain location and the ratio of the amount of reinforcement provided to the amount 
required by analysis, a splice is classified accordingly. A factor is then applied to the development length, 
based on the splice classification. No splice length shall be less than 12 inches. 
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CHAPTER THREE 
Experimental Program 

3.1 Introduction 

Four specimens were constructed with longitudinal steel on one side spliced in a side-by-side configuration and 
an equal number of offset splices on the opposite side. The two sides were tested separately and consecutively 
so that eight configurations were tested. 

During each test, data were collected until splice failure was reached. At failure, there was a sudden and severe 
loss of capacity, accompanied by splitting in the concrete cover. The concrete cover in the splice region was 
removed so that the failure plane could be examined. 

3.2 Variables 
Earlier research indicated a relationship between splice strength and numerous factors, including: concrete 
strength, clear spacing between splices, concrete cover, bar diameter, splice length, casting position, and 
confmement by transverse reinforcement. In this study, concrete strength, cover, bar diameter, splice length, 
and casting position were kept constant, while the effects of splice configuration, splice spacing, and 
confinement by transverse reinforcement were examined. For easy reference, tests are denoted by three labels 
in the following format. 

N-C-S 

where N number of splices, 9 or 12 
c = 
s = 

splice configuration, 0 (for offset) or S (for side-by-side) 
transverse steel, P (for present) or A (for absent) 

3.2.1 Splice configuration 
Bars were either spliced in an offset 
configuration or side-by-side. Each 
specimen had offset splices along one 
face and an equal number of side-by-side 
splices along the opposite face. The 
difference between the two configurations 
is most clearly manifest in the clear 
spacing between splices (shown in Figure 
3 .1) and the effective depth of the steel 
with respect to the compression face. 

3.2.2 Splice spacing 

The center-to-center spacing between Figure 3- 1 
splices was uniform within each specimen 
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~clear spacing s -2 db 

Clear spacing between splices 



but was varied between specimens. Clear spacing is determined by splice orientation. Offset splices have a 
clear spacing one bar diameter larger than their side-by-side counterparts. 

3.2.3 Configuration of transverse reinforcement 
Complementary tests, some with and others without transverse reinforcement, were devised to demonstrate the 
effects of confmement. 

3.3 Specimen Design 
A Texas Department of Transportation (DillOT) column design (shown in Fig. 3.2) used for the Houston Ship 
Channel served as an initial model for the column test specimens. Its 36-mm diameter (#11) longitudinal steel 
was lap spliced with dowels protruding from the footing. Since the loads required to test the massively 
proportioned column would exceed the capacity of Ferguson Structural Engineering Laboratory's test floor, a 
half scale specimen was used. 

Each specimen was 91 em (36 in.) x 46 em (18 in.) x 4 m (13 feet) tall. The longitudinal steel, 19-mm diameter 
(#6) bars, was spaced along the 91-cm (36-in.)-wide faces and spliced at mid-height, with offset splices on one 
side and side-by-side splices on the other. Spaced at 13 em (5 in.) on center, 10-mm diameter (#3) stirrups 
were used outside the splice region of every specimen. Not all specimens, however, utilized transverse 
reinforcement in the splice region. The clear concrete cover over the stirrups was 3 em (1 Y4 in.). 

To accurately observe the behavior and failure of splices, it is important to prevent yielding of the steel being 
spliced. The ACI equation shown in Table 2.1 estimates that a splice length of 83 em (33 in.) would be 
required to fully develop 414-kPa (Grade 60), #6 bars with 20.7-kPa (3,000-psi) concrete. The AASHTO 
specifications require a splice length of 49 em (19 in.) to develop the splice with the given conditions. The 
splice length used for all specimens was 30.5 em (12 in.), ensuring that, before the longitudinal steel could 
yield, the splice would fail due to splitting of the concrete. 

Although columns, in general, resist both axial load and bending moment, no axial load was applied to the 
specimens. Bar stresses at the splice are not dependent on loading conditions. Strain gages were placed 30.5 
centimeters (12 inches) from the spliced end of bars to measure the steel strain. Both bars of three splices were 
gaged for each test. 

The test set-up, shown in Figure 3.3, was a third-point loading configuration. A constant bending moment, 
with no shear, was developed between supports. After one side of the specimen was tested, it was turned over 
so that the second test could be performed. Although cracking from the first test was expected to affect the 
loading of the second side, it should not have seriously affected the splice strength of the second test. At the 
completion of the second test, the concrete cover over the splice region was removed to allow inspection of the 
failure plane. Finally, the specimen was again turned over, and the cover was removed to examine the splice 
that was tested first. The properties and test conditions for each specimen are shown in Table 3.1. 

3.3.1 Specimen #1 (Tests 12-S-P and 12-0-P) 
The first specimen had twelve splices of each configuration, with transverse steel confining the splice region. 
The actual concrete cover over the longitudinal bars was 4 em (1.75 in.) for the side-by-side splices and 5 em 
(1.875 in.) for the offset splices. Offset splices were evaluated in Test 12-0-P, while in 12-S-P side-by-side 
splices were tested. A cross-section through the splice region is shown in ~igure 3.4. 
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Table 3-1 Details of all test specimens 

Order Test Number Splice Presence of Concrete Minimum Clear 
of of Orientation Transverse Strength Face Cover Spacing 

Testing Splices Steel Between 
Splices 

MPa(ksi) em (in.) em (in.) 

1 Present 20.2 (2,925) 

2 Present 20.2 (2,925) 

3 Present 27.4 (3,969 

4 Present 27.4 (3,969) 

6 12-S-A Absent 30.0 (4,350) 

5 12-0-A 12 Absent 30.0 (4,350) 

8 9-S-A 9 Side-by-Side Absent 21.3 (3,086) 

7 9-0-A 9 Offset Absent 21.3 (3,086) 
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Figure 3-3 Loading configuration 

46cm 
(18") 

3.3.2 Specimen #2 (Tests 9-S-P and 9-0-P) 
Only nine splices of each configuration were used in the 
second specimen, and transverse steel confmed the splices. 
The side-by-side splices were tested in 9-S-P, and in Test 9-0-
P, the performance of the offset splices was evaluated. 

The actual concrete cover varied over the width of the 
specimen. At the specimen's center, there was 10 em (3314 in.) 
of cover over the side-by-side splices and 4 em (1 Yz in.) over 
the offset splices, while, near the edges of the specimen, the 
cover was 8 em (3.125 in.) over the side-by-side bars and 3 em 
(1 ~in.) over the offset bars. The discrepancy in the concrete 
cover was the result of inadequate bracing of formwork during 
placement. Figure 3.5 shows the splice region cross-section. 

91 em (36' 

3 em (1.25") 
clear spacing 

Figure 3-4 Specimen #1 cross section, as constructed 
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46cm 
(18'') 

91 em (36") 

4 em ( 1.5") clear cover 

clear cover 

3 em (1.25") 
clear cover 

Figure 3-5 Specimen #2 cross section, as constructed 

3.3.3 Specimen #3 (Tests 12-0-A and 12-S-A) 
Specimen #3 had twelve side-by-side splices, twelve offset splices, and no transverse steel in the splice region. 
The two tests performed were used to evaluate the behavior of side-by-side splices (12-S-A) and offset splices 
(12-0-A), respectively. Five em (2.125 in.) of concrete covered the side-by-side splices, while the offset splices 
were covered by 4 em ( 1 Yz in.) of concrete. Figure 3.6 depicts Specimen #3' s actual cross-section. 

3.3A Specimen #4 (Tests 9-0-A and 9-S-A) 
The fourth specimen had nine splices of each configuration, with no transverse steel to confine the splice region. 
The actual concrete cover was 3 em (1.375 in.) over the offset splices and 5 em (2 in.) over the side-by-side 
splices. The offset splices were tested in Test 9-0-A and side-by-side splices were tested in 9-S-A. A cross­
section through the splice region is shown in Figure 3.7. 

3.4 Materials 

3.4.1 Concrete 
To ensure a splitting failure prior to yielding of the splices, a low concrete strength was chosen. The 28-day, 
nominal strength was 21 MPa (3,000 psi), but the actual cylinder strengths ranged from 0.019 MPa (2,760 psi) 
to 30 MPa (4350 psi). Because spacing between the steel reinforcement and fonnwork was tight, and because of 
difficulty in thoroughly vibrating the bottom of the column, a high slump mix with 9.5-mm (0.38 in.) coarse 
aggregate was chosen to improve consolidation. 

During placement, a crane lifted a concrete bucket to the top of the column, where it was placed in 
approximately 60-cm (2-foot) lifts using a tremie to funnel the fresh concrete between the stirrup legs of the 
reinforcement cage. 

Cylinder strengths were measured at prescribed intervals. A typical strength-gain curve is shown in Figure 3.8. 
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3.4.2 Reinforcement 

40 50 60 

All reinforcement was from the same heat. Longitudinal steel was #6 bars and the transverse reinforcement was 
#3 bars. The nominal yield stress was 410 MPa (60 k:si), but tests revealed that the actual yield stress was 435 
MPa (63 ksi) for the longitudinal steel and 440 MPa (64 ksi) for transverse reinforcement. 

3.5 Specimen Construction 
The reinforcement cage was constructed in a horizontal position using three sawhorses: one on each end and 
one in the middle. First, the side-by-side splices were arranged as the bottom layer of longitudinal steel. The 
stirrups were then placed. Since four stirrup legs were needed every 13 em (5 in.) along the column's height, 
two stirrups were placed at each location. The transverse steel was tied so that the bars spliced side-by-side 
were at the bottom of the stirrups. Finally, the offset splices were tied at the top of, but still inside, the stirrups. 

All strain gages were placed prior to cage construction. After the reinforcement cage was completed, the strain 
gage lead wires were gathered to exit the column at one location. Figure 3.9 is a photo of a fabricated 
reinforcing cage. 

Formwork was assembled with three sides attached to each other and standing upright. After the reinforcement 
cage was placed upright into the formwork, as shown in Figure 3.10, the fourth side was attached. For 
convenient transport of the specimen, threaded inserts were cast into each column. 
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Figure 3-9 Photograph of a fabricated reinforcing cage 
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Figure3-JO Position of reinforcing cage prior to casting 
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Figure 3-11 Photograph of test set-up 

3.6 Loading System 

The column rested horizontally on two supports, spaced 1.2 m (4 feet) apart and centered under the specimen. 
Both supports were rollers, allowing the specimen to rotate and translate freely. Load was applied to each end 
of the column through loading beams placed on the specimen 1.2 m (4 feet) from the supports. Two, 534-kN 
(60-ton) capacity rams loaded each loading beam, with the load being transferred to the floor by four threaded 
rods per ram. One pump activated all four rams. The test set-up is shown in Figures 3.11, 3.12, and 3.13. 

3.7 Testing Procedure 

Loads were applied incrementally and data were recorded at 11-kN (2.5-kip) intervals. The appearance of both 
the first crack and the first crack in the splice region was noted. At each load step, the crack progress was 
monitored and the shape was traced on the specimen. When splitting occurred, data were recorded. Data were 
recorded as the load on the specimen was decreased to zero. 

After failure and removal of the load, all deflection indicators were removed. Then, the ends of the specimen 
were further displaced until the concrete cover over the splice could be easily removed. No data were recorded 
during this stage of testing. 

3.8 Strain and Deflection Instrumentation 
Stresses in the reinforcement were calculated from strains recorded during testing. These strains were 
measured by gages placed in strategic locations in the splice region. For each instrumented splice, a gage was 
placed on each bar, 30.5 centimeters (12 inches) from the spliced end. The first, third, and fifth splices from the 
edge were instrumented for tests with nine splices, while for tests with twelve splices, the first, fourth, and fifth 
splices were gaged. In every case, two splices were in the comer of a stirrup and one was not. If transver.se 
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Loading Ram 

Splice Region 

122 em (48") 122 em (48") 122 em (48") 

Figure 3-12 Test set-up, side view 

Loading Ram 

~6cm 
__ 1_?8") Specimen 

Support 

~ 91 em (36") .,.I 

Figure 3-13 Test set-up, end view 

reinforcement was included in the splice region, all three stirrups were instrumented. All strain gage locations 
are shown in Figures 3.14, 3.15, and 3.16. 

Linear potentiometers were used to measure deflections. Two linear pots were positioned at each end, and two 
were used at midspan of the specimen. 
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Figure 3-14 Strain gage locations for Specimen # 1 
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Figure 3-15 Strain gage locations for Specimen #2 
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Instrumented splices for Specimen #3 
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Instrumented splices for Specimen #4 
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Figure 3-16 Strain gage locations for Specimens #3 and #4 
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CHAPTER FOUR 
Test Results 

4.1 Introduction 

Crack patterns, load-deflection, and load-stress plots are presented for the eight tests perfonned. To aid in 
understanding, certain key tenns used in the discussion are defmed in Figure 4.1. The results of each test are 
described in the order in which the tests were perfonned. 

4.2 Tests With Transverse Reinforcement 

Four tests were performed in which transverse reinforcement crossed the expected failure plane. For each test 
including transverse steel, ties were located at three locations in the splice region. The transverse steel was 
spaced along the splice at 13 em (5 in.), on center. 

There were twelve "active" strain gages on the stirrups for each of the tests. Six of the gages were located on 
the tie legs to measure strain induced by splitting along the layer of longitudinal reinforcement. The other six 
gages were placed to measure the strain caused by longitudinal cracking along the splice in the concrete cover. 
The instrumentation for the transverse reinforcement is described in Figure 4.2. 

All deflections refer to measurements at the ends of the specimens. The average of four deflection readings, 
two at each end, was used in the load-deflection plots. Recorded midspan deflections are not included in 
presenting load-deflection relationships because they were small and consistent with end deflection readings. 

Lateral tie leg (typ.) 

Side cover 

Transverse 
tie leg (typ.) 

Figure 4-1 

{ Clear Spacing rLt i«w= SpU~ 

- -
Keyterms used to present results 
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TransverseStrain 
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Figure4-2 

4.2.1 TEST 12-S-P 

Lateral 
Strain Gages (typ.) 

Instrumentation for transverse reinforcement 

Lateral tie leg 

Transverse 
tie leg 

The behavior of twelve splices, arranged in a side-by-side configuration, was examined in test 12-S-P. Clear 
spacing between splices was 4 em (1.38 in.)- the equivalent of 1.83 bar diameters. Although the specimen was 
designed to have a clear face cover of 4.1 em {1.63 in.), the actual face cover was 4.5 em (1.75 in.). 12-S-P was 
the frrst test performed on Specimen #I. 

The load-deflection plot (see Figure 4.3) shows a noticeable decrease in stiffness after frrst cracking. After that 
first change in stiffuess, the stiffness was essentially constant until failure. At failure, there was increased 
deflection without additional load, and as load was removed, deflections decreased. After all loads were 
removed, there was a permanent deflection of the specimen. 
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Load-deflection plot for Test 1 2-S-P 
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The stress was essentially uniform for all longitudinal bars during testing. The load-stress plot (see Figure 4.4) 
for longitudinal reinforcement is similar to the load-deflection plot, with a decreasing slope as the specimen 
approached failure. The plot is almost bilinear, with a change in slope at a stress of about 40 MPa (5 ksi). The 
load at failure was 209 kN (47 kips), corresponding to a bar stress of about 200 MPa (30 ksi). A straight-line 
prediction of the load vs. stress relationship, based on a cracked section analysis, is also shown in Figure 4.4. 
As cracking progresses across the section and more flexural cracks form, bar stresses closely match the failure 
stresses predicted by straight-line theory, reinforcing the validity of the cracked section analysis. 

The strain gages on the transverse tie legs that monitored splitting indicated very low strains until face splitting 
occurred. At failure, though, some stirrups indicated compression while others indicated tension. The gages on 
the lateral tie legs, on the other hand, registered stress at a lower load and, at failure, measured only tensile 
stresses. Tie stresses are shown in Figures 4.5 and 4.6. The location of splitting cracks relative to the location 
of strain gages probably accounts for the development of compressive strains in some bars and erratic behavior 
in others. 

Failure occurred at a load of about 220 kN (50 kips). Transverse face cracking occurred prior to failure, most 
noticeably over the tie locations. After splitting occurred, there were severe cracks , both longitudinal and 
transverse, throughout the splice region, with cracks in the side cover at the level of the longitudinal 
reinforcement. Crack patterns are shown in Figure 4.7. The face cover, after splitting, was loose, separated 
from the specimen by a failure plane passing though the plane of the splices, as shown in Figure 4.8. The 
failure itself was sudden, but not violent, and the cover, though split from the specimen, was still attached to the 
stirrups. 

4.2.2 TEST 12-0-P 

Test 12-0-P is the complement of 12-S-P in that both were on the same test specimen, but the splices were 
oriented in an offset configuration with a clear spacing of 5 em (2.125 in.) - the equivalent of 2.83 bar 
diameters. 12-0-P was the second test of Specimen #1. The face cover was 4.76 em (1.875 in.) over the offset 
splices. 
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Crack patterns for Test 12-S-P 
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The load-deflection plot (see Figure 4.9), when compared to that of 12-S-P, is initially very flat. That low 
stiffuess reflects the fact that very little load was required to close the cracks formed during 12-S-P, but after 
those cracks closed, the stiffuess increased drastically. Eventually, new cracks formed over the offset splices, 
and, similar to 'the behavior of Test 12-S-P, the stiffuess decreased and then remained constant until the peak 
load was reached. After the load was completely removed, there was permanent deflection. The permanent 
deflection of 12-0-P was much larger than that of 12-S-P, primarily due to the damage to the section as large 
deformations were applied. The dashed line in Figure 4.9 represents the estimated path that the load-deflection 
plot would have taken if 12-0-P had been the first test performed on Specimen #1. 

The bar stresses for the splices of 12-0-P did not behave as uniformly as those of 12-S-P. The bars nearest to 
the face (or outside bars) had a higher stress than the bars away from the concrete face. All splices failed at the 
same peak load with bar stresses ranging from 152 MPa (22 ksi) for the inside bars to 202 MPa (29 ksi) for the 
outside bars. The peak load was about 210 kN (47 kips). The inconsistency of the stress readings is believed to 
be the result of cracking from Test 12-S-P, previous to 12-0-P. The load-stress plot is shown in Figure 4.10a. 
A segment of each gage reading has a constant slope that is similar to the slope of the straight-line prediction 
from the cracked section analysis. The straight portions of the plots begin when the cracks of 12-S-P have 
completely closed. The constant slopes are extrapolated to the axis of zero load to estimate how the splices 
would have behaved if the cracks from 12-S-P had been closed prior to the testing of 12-0-P. 

Figure 4.1 Ob shows the complete adjustment of the measured bar stresses. The zero-load point of each plot is 
shifted to the origin, corresponding to zero stress. The slopes of the adjusted plots are similar to the straight­
line predictions from a cracked section analysis. 

Most of the gages on the lateral tie legs of the transverse reinforcement detected almost no strain. One gage 
slightly increased in strain as the load increased. At failure, the stress in all of the stirrups suddenly increased 
drastically, reflecting longitudinal cracking in the face cover at failure (see Figure 4.11). Only two of the gages 
on the lateral tie legs, on the other hand, drastically increased in stress at failure (see Figure 4.12). The rest of 
the gages remained virtually unstrained through the duration of the test. 

Transverse cracking over the stirrup locations was the first cracking noticed. Those cracks increased in both 
length and width until failure. When splitting occurred, the concrete face cover cracked both longitudinally and 
diagonally over the splice, and the side cover cracked at the level of the splices. Crack patterns can be seen in 
Figure 4.13. The failure plane passed between the inside and outside spliced bars, as if the outside bars simply 
pried the cover above them off, leaving the concrete below unaffected (see Figure 4.14). Outside the splice 
region, the cover remained intact. 

4.2.3 TEST 9-S-P 

In this test, there were 9 splices, confmed by transverse reinforcement and arranged in a side-by-side 
configuration. The clear spacing between adjacent splices was 6 em (2.44 in.), and the clear face cover over the 
splices was 9 em (3.75 in.) at the specimen's center and 7 em (3.125 in.) at the edges. 9-S-P was the frrst test of 
Specimen #2. 

Similar to that of Test 12-S-P, the load-deflection plot (shown in Figure 4.15) is practically bilinear. The 
specimen became less stiff after the frrst crack, at a load of about 75 kN (17 kips). The peak recorded load was 
182 kN (41 kips), after which the deflection increased with no load increase and then decreased as the load was 
removed. The permanent end deflection of9-S-P was about 0.5 em (0.2 in.). 

From the load-stress plot shown in Figure 4.16, it is evident that bar stress was not uniform for all splices. The 
two strain gages on any particular splice were 31 em (12 in.) apart since gages were only placed at the edge of 
the splice region. The three gages located on one side of the splice region behaved similarly, while the other 
three gages behaved similarly to each other, but differently than the frrst three gages. Although the two groups 
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Figure 4- 14 Splitting plane of Test 12-0-P 
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Figure 4-15 Load-dejlectionplotfor Test 9-S-P 
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of gages were strained differently throughout most of the test, both sides of the splice region were stressed 
similarly at failure. The average stress calculated from the strain gages closely matches the predicted stresses at 
failure, as shown in Figure 4.16. 

The transverse reinforcement remained virtually unstressed until splitting occurred. The lateral legs of the 
instrumented ties were nearly all in tension at failure (see Figure 4.17). The transverse tie leg stresses, on the 
other hand, were more varied. The recorded stresses for the vertical legs ranged from more than 65 MPa (10 
k:si) in compression to more than 140 MPa (20 ksi) in tension (see Figure 4.18). 

Prior to failure at a peak load of 182 kN (41 kips), there was transverse cracking in the face cover over the 
stirrup locations. Those transverse cracks widened at failure, accompanied by the formation of longitudinal 
cracks in the side cover at the level of the splices. No longitudinal cracks developed in the face cover. Crack 
patterns can be seen in Figure 4.19. Probably because of the excessive thickness of the face cover, the splices 
failed only through side splitting, with the failure plane passing through the level of the splices. The post­
failure plane of splitting is shown in Figure 4.20. 

4.2.4 TEST 9-0-P 

For Test 9-0-P, the second test of Specimen #2, there were nine splices with offset configurations and confined 
by transverse reinforcement. There was 8 em (3.188 in.) of clear spacing between adjacent splices. The clear 
face cover over the splices varied from 3.81 em (1.5 in.) at the center of the specimen to 3.18 em (1.25 in.) at 
the edges. In addition, there was severe honeycombing of the concrete face cover just outside the splice region, 
as shown in Figure 4.21. The honeycombing partially extended, though much less severely, into the splice 
region. It appears that the honeycombing in the face cover did not adversely affect bond performance, and, 
after the cover was removed, it could be seen that the concrete damage was superficial and did not reach the 
level of the splices. 
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The measured load-deflection relationship (see Figure 4.22) has an increasing slope at low loads. The 
increasing specimen stiffness is due to the closure of cracks formed during Test 9-S-P. After those cracks 
closed, the stif:fuess remained constant until the peak load was reached. The dashed line in Figure 4.22 is an 
estimation of the path that the load-deflection plot would have taken if the cracks had been closed prior to 
loading. 

The splice stresses varied widely at every load increment (see Figure 4.23a). In this case, bars nearest to the 
face were not stressed. The bars farthest from the face were also not stressed uniformly. However, the 
difference in stress between inside and outside bars was similar. Also, just prior to failure, the bars of the splice 
nearest the edge decreased in tension, perhaps due to the beginning of side splitting. The stresses in the other 
instrumented longitudinal bars increased up to failure. The differences in the measured stresses is believed 'to 
be due to previous cracking of Test 9-S-P. As those cracks closed at the beginning of testing, the bar stresses 
increased at markedly different rates. After the cracks had completely closed, though, the slope of each load­
stress plot was essentially constant until failure. In Figure 4.23a, the constant slopes are extended to the axis of 
zero load to estimate how the splices would have behaved if the cracks of 9-S-P had been closed before the 
testing of 9-0-P. The constant-slope estimations of splice behavior are shifted to begin at zero bar stress in 
Figure 4.23b. The slopes of the adjusted plots are similar to the slopes of the straight-line predictions made 
from a cracked section analysis. 

The lateral legs of some instrumented stirrups started to increase in stress at a load of about 98 kN (22 kips), 
while others remained unstressed until failure, at a peak load of about 222 kN (50 kips) (see Figure 4.24). The 
three gages that registered stress at the lower loads were all near the edge of the specimen and probably due to 
the formation of a longitudinal crack near that splice. 

The transverse tie legs were also stressed before the peak load was reached. The vertical legs, though, were 
inconsistently stressed- some in tension and others in compression (see Figure 4.25). 

Failure for 9-0-P was reflected by both longitudinal and transverse cracking in the face cover and by cracking 
in the side cover at the level of the splices (see Figure 4.26). The splitting plane passed horizontally between 
any two bars spliced together (see Figure 4.27). 
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4.2.5 INTERACTION BETWEEN SPLICED BARS AND TIES 

When ties are present in the splice region, any cracking due to splice failure is resisted by the ties crossing the 
failure plane. The stresses in the spliced bars and the ties should reflect this interaction. Figures 4.28 and 4.29, 
the load-stress plots for splices and ties of Test 9-S-P, demonstrate the relationship between ties and splices ·as 
splice failure occurs. 

The enervation of a splice, manifested as an increase in slope on the load-stress plot, occurs when splitting or 
micro-cracking begins near the splice. If the splice is immediately adjacent to a transverse tie leg, the 
weakening of the splice should be accompanied by an increase in stress in the tie. Figures 4.28 and 4.29 
demonstrate this; for any increase in slope of the load-stress plot of the spliced bars, there is a corresponding 
and simultaneous increase in stress for some of the tie legs. At failure, as the splices lose stress and the splitting 
plane widens, the transverse steel increases in stress dramatically. 

4.3 Tests Without Transverse Reinforcement 

Four tests were performed in which transverse reinforcement was omitted from the splice region. The ACI and 
AASHTO specifications allow shorter lap splices if there is adequate confinement from transverse 
reinforcement. Stirrups, though, are not required where bars are spliced, unless required for other concerns. 
Therefore, some splices were not confmed by stirrups to help determine the effect of transverse reinforcement 
on splice behavior. 

4.3.1 TEST 12-0-A 

The behavior of twelve splices, each with an offset configuration, was examined in Test 12-0-A, the first test of 
Specimen #3. The clear face cover over the splices was 3.81 em (1.5 in.) across the specimen, just as intended 
in design, and clear spacing between splices was 5 em (2.125 in.). 
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Figure4- 30 Load-deflection plot for Test 12-0-A 

As shown in the load-deflection plot for 12-0-A (see Figure 4.30), the specimen was initially very stiff, 
becoming less so after first cracking. After cracking had occurred, the slope of the load-deflection plot 
decreased but thereafter remained constant until a peak load of 265 kN ( 60 kips) was reached. The sustained 
load decreased sharply at failure, accompanied by large deflections. The uncertainty of the exact path at failure 
is reflected by a dashed line in Figure 4.30. As the load was completely removed, the defection slightly 
decreased. A permanent deflection of about 0.7 em (0.27 in.) was recorded. 

The instrumented splices indicate that the bars closest to the concrete face were less stressed than the inside 
bars, as expected. The inner bars have a shorter moment arm than the outside bars, thus needing to carry a 
larger force to produce an equal moment. As the bars approached failure, stresses in the outer bars began to 
deviate from each other, and the inner bars performed likewise. At failure, the stresses calculated from 
measured strains approached predicted stresses calculated from the cracked section analysis. After the peak 
load was reached, the bar stresses immediately dropped off sharply as the splices could sustain no more load. 
Figure 4.31 shows the load-stress plot. 

The cracking before failure consisted mostly of transverse cracks in the face cover at the borders of the splice 
region. Failure was very sudden and definite, with the load-dropping nearly to zero. Inclined cracks appeared 
in the side cover at the level of the splices, and some diagonal and longitudinal cracks joined the widened 
transverse cracks in the face cover (see Figure 4.32). The face cover over the splices did not completely 
separate from the rest of the specimen, although the face and side cover along the edges did spall off, as shown 
in Figure 4.33. 

4.3.2 TEST 12-S-A 

In Test 12-S-A, the second test of Specimen #3, twelve splices were oriented in a side-by-side configuration. 
The clear cover over the spacing, although designed to be only 4 em (1.625 in.), was actually 5.4 em (2.13 in.) 
as constructed. Clear spacing between adjacent splices was 4 em (1.38 in.). 
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Figure 4-31 Splice stresses for Test 12-0-A 

The specimen initially had increasing stiffness after the first load step of 12 kN (2.7 kips) (see Figure 
4.34). The increasing stiffuess is due to the closing of cracks from Test 12-0-A, which was performed prior to 
12-S-A. After the effects of prior cracking were overcome, the specimen had an essentially constant stiffuess 
until failure. An approximation of the initial path that would have been taken if Test 12-S-P had been 
performed first is shown as a dashed line in Figure 4.34. At the peak load of 201 kN (45 kips), the deflection 
suddenly increased drastically, as the specimen's load carrying capacity dropped severely. The exact load­
deflection behavior is unknown, and the uncertainty is reflected on the plot. The applied load was then 
removed, leaving a permanent deflection of the specimen's ends. 

The bars all increased in stress uniformly, following the same path on the load-stress plot (see Figure 4.35a). 
Surprisingly, the bars initially all went into compression until, at a load of approximately 65 kN (15 kips), they 
were in tension. The initial compression measured in the splices is believed to be the result of the previous 
cracking from Test 12-0-A. After the cracks of 12-0-A were closed, the bar stress increased at a constant rate 
with respect to load until the peak load was reached. At failure, the stress in two instrumented bars was lost 
completely, while the other bars only partly lost their peak stress. An estimation of how the splices would have 
behaved if the 12-0-A cracking had been closed prior to testing can be made by extending the constant slope of 
the plot to the axis of zero load. That estimation is shown as a dashed line in Figure 4.35a. In Figure 4.35b, the 
estimated load-stress path is shifted so that, at the onset of loading, there is no stress in the splices. The path of 
the adjusted load-stress plot correlates closely with the prediction made by using a cracked section analysis. 

Splitting caused transverse and diagonal cracks in the splice region's face cover and longitudinal cracks in the 
side cover at the level of the splices (see Figure 4.36). There was no longitudinal cracking in the face cover. 
The entire face cover and a portion of the side cover was loose after splitting and could be easily removed, 
showing that the failure plane passed through the plane of the spliced bars (shown in Figure 4.37). 
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4.3.3 TEST 9-0-A 

The nine splices of Test 9-0-A, the first test of Specimen #4, were in an offset configuration with 8 em (3.18 in.) 
of clear spacing between adjacent splices. The clear face cover over the offset splices was 3.49 em ( 1.375 in.) 

The load-deflection plot (see Figure 4.38) shows that the specimen was initially very stiff, decreasing in stiffness 
only after cracking occurred. A peak load of approximately 265 kN (60 kips) was reached. After failure, 
deflections continued to increase without additional load. The exact path of the load-deflection plot at failure is 
unknown; an estimation is shown as a dashed line in Figure 4.38. A permanent deflection of about 0.7 mm (0.27 
in.) was recorded after the load was completely removed. 

The instrumented bars were all at the same level of stress until they reached a stress of about 20 MPa (2.5 ksi). 
At that point, each bar's load-stress plot suddenly changed slope and their paths diverged. The outside bars, as 
expected, had a lower average stress than the inside bars because of their larger moment arm When the peak 
load was reached, the load abruptly decreased. For splices with one bar more highly stressed than the other, the 
bar with higher stress prior to failure had less stress than the other bar afterwards as stress was transferred 
between bars. A peak load of 226 kN (51 kips) was reached. The bar stress at failure, as indicated by strain 
gage data, approached the predictions made using the cracked section analysis. The load-stress plot is shown in 
Figure 4.39. 

There was both longitudinal and transverse cracking in the face cover at failure, and the side cover cracked both 
vertically and diagonally (see Figure 4.40). There was no purely longitudinal cracking in the side cover. 
Splitting occurred suddenly, and, when it did, the specimen's load-carrying capacity decreased sharply. The 
face cover could only be removed near the edges of the splice region (see Figure 4.41 ); the remaining face cover 
was not loosened by splitting. 
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Figure4- 42 Load-deflection plot for Test 9-S-A 
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4.3.4 TEST 9-S-A 

The second test of Specimen #4, 9-S-A, was performed on nine splices arranged in a side-by-side configuration 
without the confmement of transverse reinforcement. The clear spacing between adjacent splices was 6 em 
(2.44 in.), the equivalent of 3.25 bar diameters, and there was 5.08 em (2 in.) of clear face cover over the side­
by-side splices. 

Similar to that of Test 12-S-A, the load-deflection plot (see Figure 4.42) initially had an increasing slope after 
the initial load step, due to the closure of cracks from 9-0-A. When the cracks from previous testing were 
closed, the slope of the load-deflection plot was constant until failure. A dashed line in Figure 4.42 estimates 
the path that would have been taken if Test 9-0-A had not been performed prior to 9-S-A. At the attainment of 
the peak load, deflections increased uncontrollably without an increase in load. The uncertainty of the exact 
path at failure is reflected as a dashed line in Figure 4.42. The deflections decreased somewhat when the 
applied load was completely removed. 

Prior to failure, the load-stress plot (shown in Figure 4.43a) for each of the spliced bars was almost identical. 
Similar to the splices of 12-S-A, the bars initially went into compression and gradually were tensioned until 
failure. The initial compression of the splices is due to cracking from the previous test, 9-0-A. After the 
previous cracking had closed, the load-stress slopes of the splices was essentially constant until the peak load 
was reached. The constant slopes can be extended to the axis of zero load, as shown by dashed lines in Figure 
4.43a, estimating the load-stress behavior if the 9-S-A cracks had been closed prior to testing. Figure 4.43b 
shows the adjusted plots shifted so that they begin with no bar stress. The slope of the adjusted plots closely 
correlates with the straight-line prediction from a cracked section analysis. 

There was transverse cracking in the splices' face cover and longitudinal cracking in the side cover at the level 
of the splices due to splitting (see Figure 4.44). There was never any longitudinal cracking in the face cover 
during Test 9-S-A. When the face cover was removed, the failure plane could be seen to lie in the plane of the 
splices, as shown in Figure 4.45. 

4.4 Accuracy of Strain Gage Data 
The load-stress plots for the splices of each of the tests have both stresses calculated from strain gage data and a 
straight-line prediction of stresses calculated from a cracked section analysis of the specimens. For the first 
tests in a specimen, the paths of the measured and theoretical stresses do not coincide, but they predict 
approximately the same bar stress near failure when cracks are well developed across the section. For second 
tests on specimens, the paths of the measured and theoretical stresses match closely after adjustments were 
made to account for the effects of previous cracking. Generally, the stresses calculated from measured strains 
and the stresses calculated from loads were close at failure of the splices. In Table 4.1, the calculated failure 
stresses are summarized and the errors between the two methods of stress calculation are listed. The error for 
most tests was less than 12%, giving credence to the accuracy of cracked section analysis and explaining the 
effect of cracking during the first test on the results of the second test. 
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Figure4-45 Splitting plane of Test 9-S-A 

Table4-1 Comparison of stresses calculated from measured strains and stresses calculated from loads 

Order of Test Bar Load Pat Stresses Stresses Calculated Error% 
Testing Designation Failure Calculated from from Strains 

Loads 

kN (kips) MPa(ksi) MPa(ksi) 

1 12-S-P All Bars 193.1 ( 43.4) I 188 (27.2) 171 (24.8) I 9 

2 12-0-P Outside Bars 209.2 (47.0) 204 (29.6) 214 (31.0)* 5 

Inside Bars 217 (31.4) (195 (28.3)* 10 

3 9-S-P I All Bars 182.0 (40.9) 239 (34.7) 252 (36.5) 5 

4 9-0-P Outside Bars 204.9 (46.1) 234 (33.9) 303 (44.0)* 29 

Inside Bars 245 (35.5) 319 (46.3)* 30 

6 12-S-A All Bars 200.6 (45.1) 199 (28.8) 220 (31.9)* 11 

5 12-0-A Outside Bars 264.7 (59.5) 252 (36.6) 255 (37.0) 1 

Inside Bars 265 (38.4) 248 (36.0) 6 

8 9-S-A II Bars 205.2 (46.1) 272 (39.4) 262 (38.0)* 4 

7 9-0-A Outside Bars 225.8 (50.8) 288 (41.7) 254 (36.8) 12 

Inside 303 (43.9) 274 (39.7) 10 
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CHAPTER FIVE 
Design Implications 

5.1 Introduction 

The effects of three parameters - splice orientation, confmement due to transverse reinforcement, and clear spacing 
between adjacent splices - were investigated in this project. Each specimen was designed to have a unique 
combination of those three parameters. To best evaluate the effect of a certain parameter, comparisons are made 
between tests where two parameters are constant while the third parameter varies. For example, to isolate the effect 
of transverse reinforcement, two tests can be compared where the splice orientation and splice spacing was the same 
for each test. By comparing the results of several such pairs of tests, general trends in bond behavior become 
apparent. 

Comparisons are partly based on the bar stress at failure. The bar stress used can be either calculated from the 
loading condition and a cracked section analysis or from the measured bar strain. Table 4.1 showed that the two 
methods of stress calculation produced reasonably similar stresses at failure. Many of the stresses calculated from 
measured strains, though, were adjusted graphically to account for the effects of previous cracking. To reduce the 
uncertainty in the failure stresses, the stresses calculated from loads and a cracked section analysis are used. 

For offset splices, the stress at failure can be calculated for both the inside bars and the outside bars. The innermost 
bar determines when side-splitting occurs, since it has the higher stress. In bond factor comparisons, then, only the 
stress of the inside bar should be considered. The stress of the outermost bars, because they do not control failure, is 
not included in the values for the bond strength of offset splices. 

The bond factor is the bond stress at failure, with respect to the concrete's tensile strength. Since the tensile strength 
of the concrete is a major contributor to the bond strength of a bar, the results of specimens with differing concrete 

strengths can be normalized by dividing the bond strength by .fJ!, a parameter considered to be an index of 

concrete tensile strength. The experimental bond factor is calculated as follows: 

(5.1) 

The theoretical bond factor is: 

Utheory c Atr fyt 
\j}theory = .jf[ = 12 + 3d-;:- + 500sd b (5.2) 

where \jJ 

fs 

db 

t: 
Is 
Atr 

fyt 

= bond factor 

= bar stress in the splice, psi. 
diameter of bars being spliced, in. 

concrete compressive strength, psi. 

= length of splice, in. 

= total cross-sectional area of transverse reinforcement within spacing s 
and crossing the plane of splitting, in2 

yield strength of transverse reinforcement, psi. 
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c minimum of the thickness of face cover or half the clear spacing between 
adjacent splices, in. 

s spacing of transverse reinforcement, in. 

All bond factor values are displayed in Tables 5.1 and 5 .2. 

While quantitative comparisons are made using bond factors, qualitative comparisons are also made based on 
observed crack patterns, failure modes, and other bond behavior. 

Table 5-1 Calculation of measured bond 
factors using applied loads 

Test f: u_ IJltest 

MPa(psi) MPa (psi) 

12~S~P 20.2 (2,925) 2.9 (425.0) 7.85 
12~0-P 20.2 (2,925) 3.4 (490.6) 9.07 

9-S-P 27.4 (3,969) 3.7 (542.2) 8.61 
9-0-P 27.4 (3,969) 3.8 (554.7) 8.80 

12-S-A 30.0 (4,350) 3.1 (450.0) 6.82 
12-0-A 30.0 (4,350) 4.1 (600.0) 9.10 

9-S-A 21.3 (3,086) 4.2 (615.6) 11.08 
9-0-A 21.3 (3,086) 4.7 (685.9) 12.35 

Table 5-2 Calculation of theoretical bond 
factors 

Test f: Utheorv IJltheory 

MPa (psi) MPa cPsi) 

12-S-P 20.2 (2,925) 3.1 (447.0) 8.27 
12-0-P 20.2 (2,925) 3.6 (527.0) 9.74 

9-S-P 27.4 (3,969) 4.7 (678.8) 10.77 
9-0-P 27.4 (3,969) 5.3 (774.6) 12.30 

12-S-A 30.0 (4,350) 3.2 (467.3) 7.09 
12-0-A 30.0 (4,350) 3.9 (564.9) 8.56 

9-S-A 21.3 (3,086) 3.5 (511.4) 9.21 
9-0-A 21.3 (3,086) 4.1 (595.8) 10.72 
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Table 5-3 Comparison of splice orientations 

Test \jftheory \jftest 
( o/ o~et) ( o/ offset) 

o/ s-b-s theory o/ s-b-s test 

12-S-P 8.27 7.85 
12-0-P 9.74 9.07 ! 1.18 1.16 

9-S-P 10.77 8.61 
9-0-P 12.30 8.80 1.14 1.02 

12-S-A 7.09 6.82 
12-0-A 8.56 9.10 1.21 1.33 

i 

9-S-A 9.21 11.08 
9-0-A 10.72 : 12.35 1.16 1.11 

Averages 1.17 1.16 

5.2 The Effect of Splice Orientation 
Comparisons of bond factors are made in Table 5.3, where it can be seen that offset splices consistently have higher 

(a) 

f splice region 

~ . )I 
- _.,..._ -- _____ .,... 

1. ======-=-r-Y?~~~[------1 
. . 

Figure 5-1 

(b) 

Typical crack patterns for 
(a) side-by-side splices 
(b) offset splices 

bond factors than side-by-side splices. Offset splices, due to their 
orientation, have larger clear spacing between adjacent splices 
than side-by-side splices. Increased clear spacing between splices 
has a beneficial effect on bond performance, as shown in Equation 
2.6. Thus, if splices fail in side splitting, offset splices have an 
advantage over their side-by-side counterparts. 

The crack patterns observed for the tests also indicate a difference 
in the behavior of the two splice configurations. The prime 
difference was noticed in the crack patterns in the side cover of the 
specimens. Consistently, side-by-side splices cracked the concrete 
side cover horizontally, along the level of the splices. Inclined 
cracks, at an angle of about 45 degrees from the axis of the bars, 
formed on the side cover for tests involving offset splices. Those 
inclined cracks always crossed the plane of the splices, inclined in 
a direction consistent with the orientation of the spliced bars, as 
shown in Figure 5.1. The inclined cracks are due to shear 
generated by the bar forces acting in opposite directions (see 
Figure 5.2). Side-by-side splices, because of their horizontal plane 
of alignment, would generate shear in a horizontal plane. The 
inclined crack formation only occurred between the side face and 
the outermost splice. Between adjacent splices, the failure plane 
was always horizontaL 

65 



Inclined crack due to shear 

F .... 

F 

F 

For both side-by-side splices and offset splices, ~e 
horizontal plane of splitting passed through the 
centroid of the splices. For side-by-side splices, the 
failure plane passed through the center of both spliced 
bars. The failure plane for offset splices, however, 
passed between the spliced bars as shown in Figure 
5.3. Furthermore, the face cover fully separated from 
the splices after splitting, except for offset splices in 
Tests 12-0-A and 9-0-A, where only the cover nearest 
the sides spalled off. 

5.3 The Effect of Transverse Steel 

When failure occurred in tests without transverse 
reinforcement in the splice region, the specimen's 
ability to sustain load decreased abruptly. The bar 

Figure 5-2 Orientation of shear forces causing stresses for the splices in those tests also suddenly 
inclined cracks decreased at failure. The sudden failure of the 

unconfined splices sharply contrasts with the behavior 
~ 0 ____Q ~ at failure of splices confined by transverse steel. For 
U- -o- - those tests where stirrups were present, bar stresses 

(a.) 

Figure5- 3 

(b.) 

Failure plane for 
(a) side-by-side splices, and 
(b) offtet splices 

could adjust as the peak load was sustained. The strain 
gage data suggests that, at the same load, some bars 
decreased in stress while other bar stresses increased. 
That redistribution of splice stresses only accompanied 
failure for tests with transverse reinforcement in the 
splice region. The crack patterns of the failed splices 

without stirrups differed only slightly from the cracking induced at the failure of splices without stirrups. If stirrups 
were present, there was transverse cracking in the face cover above each stirrup location. If stirrups were absent 
from the splice region, there were transverse cracks only at the edges of the splice region. The transverse cracks 
nearest the edges of the splice region usually progressed vertically down the side cover, regardless of whether 
transverse reinforcement was absent or present. 

-

....... 

t ~ 

Jl 
I 

For offset splices, only portions of the 
cover could be removed after failure if 
there was no transverse steel in the 
splice region. The remaining cover was 
still attached to the outside bars because 
the splitting plane passed between the 
spliced bars, rather than through both of 
them. When transverse steel was not 
present, there was nothing to prevent 
the face cover from remaining bonded Figure 5- 4 Behavior of offtet splices with no stirrups in the splice 
to the outside bars. The failure plane, region 
then, only widened as load continued to 
be applied, as Figure 5.4 shows. When transverse steel was present, though, the stirrups bound the spliced b(!Is 
together, preventing them from separating. Splice failure caused the spliced bars to slide against each other, and the 
radial force of the bars acting on the concrete caused the cover to completely separate from the splices, as Figure 5.5 
shows. 
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Figure 5-5 Behavior of offset splices with stirrups in the splice region 

Other studies suggest that transverse steel improves bond strength [7]. For the tests in this study, though, the splices 
confined by transverse steel did not have higher bond factors than splices without transverse steel. The anomaly is 
likely due to the limited number of tests in this study and the fact that less than half of the splices were immediately 
adjacent to a transverse tie leg. It is expected that if more tests were performed with better confmement in the splice 
region, test results would support the trends observed in past studies. 

5.4 The Effect of Splice Spacing 
Bond factor comparisons, based on splice spacing, are made in Table 5.4. It can be seen that splices in 9-splice tests 
had 128% of the bond strength of splices in 12-splice tests. This average value very closely matches the theoretical 
value predicted by using the Orangun, Jirsa, and Breen equation (Equation 2.6). Reduced clear spacing between 
adjacent splices reduces bond strength if side-splitting is prevalent. The clear spacing for the 12-splice tests was 
1.75 em (0.69 in.) for the side-by-side splices and 3.10 em (1.22 in.) for the offset splices. The clear spacing for the 
9-splice tests, then, increased 77% for the side-by-side splices and 51% for the offset splices. This difference in 
clear spacing contributes to a lower average bond strength for the more closely spaced splices. 

Table 5-4 Comparison of splice spacing 

Test \If theory \If test 
( ljf 9 <pli"' J ( \jf 9 ,,u"' J 

'V 12 splices theory 'V 12 splices test 

12-S-P 8.27 ! 7.85 
9-S-P 10.77 8.61 1.30 1.10 

12-0-P 9.74 9.07 

= 9-0-P 12.30 8.80 1.26 0.97 

12-S-A 7.09 6.82 
9-S-A 9.21 11.08 1.30 1.62 

12-0-A 8.56 9.10 
9-0-A 10.72 12.35 1.25 1.36 

Averages 1.28 1.26 
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The adverse effect of decreased clear spacing between splices was less severe if transverse steel was confming the 
splice region. The 'Vtzsplices/ \j19 splices ratio was approximately 39% higher if transverse steel was present. This trend 
snggests that transverse steel helped to better distribute the bar stresses at failure for tests involving 12 splices. The 
load vs. bar stress plots for the splices of 12-0-P and 12-0-A demonstrate the advantage of transverse steel. At the 
failure of Test 12-0-A, the stress in each splice decreased suddenly. In Test 12-0-P, however, failure was more 
gradual and the peak load could be held. At the peak load, the most highly stressed bars decreased in stress as the 
stress in the other bars increased. Even though some splices were failing, the confmement provided by the stirrups 
allowed stress to be transferred to the splices that had not yet failed. 

There is a splice spacing at which offset splices will perform significantly better than side-by-side splices. As the 
center-to-center spacing of the splices decreases, the difference in clear spacing of the two configurations becomes 
more influential in affecting splice strength. 

5.5 Design Checklist 

A designer can evaluate the acceptability of a splice with a series of checks regarding the splice orientation. The 
following are issues to be addressed when evaluating a splice's orientation. 

1. A side-by-side splice has a smaller spacing between adjacent splices than other orientations, and therefore 
has the least bond strength. If a splice is designed assuming the clear spacing of a side-by-side orientation, 
no constructed splice orientation can produce less favorable bond conditions. Any design, then, of a side­
by-side splice will have sufficient bond strength, regardless of the splice orientation chosen by the 
contractor. 

2. If the splice spacing is sufficiently large, side-splitting is not likely. Face-splitting and bar pull-out are 
failure modes for which splice orientation has no affect on bond strength. If either face-splitting or bar 
pull-out is likely, bond strength is not governed by splice orientation. 

a) Face-splitting will control bond strength if the clear spacing between splices is greater than twice 
the clear cover. This situation is shown for a side-by-side splice in Figure 5.6. 

Face-splitting is likely Side-splitting is likely 
if C5 > 2Cc , Or if Sc - 2db > 2cc if C5 < 2cc , Of if Sc - 2db < 2cc 

Figure5- 6 Failure modes as a function of clear spacing 

b) Bar pull-out is likely to control bond strength if the face cover and clear spacing between bars are 
both sufficiently large. In this case, sc -2db may be less than 2cc, but side-splitting still will not 
occur. Orientation does not affect bond strength in the case of bar pull-out 
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3. The amount of transverse steel in the splice region may improve the bond enough that side-by-side splic.es 
will have adequate bond strength, even if the splice was designed assuming an offset orientation. If the 
amount of transverse steel is determined to be sufficient to offset the reduction in bond due to close 
spacing, side-by-side splices could be used without adjusting the splice length. 

4. If the splice is constructed in an offset configuration, it will have at least the bond strength anticipated, 
regardless of which splice orientation is assumed in design. 

The above alterations can be used to determine the acceptability of a constructed side-by-side splice. If none of 
those conditions are met, a designer has two options to ensure adequate performance of the splice: 

a) redesign the splice assuming a side-by-side configuration, or 

b) specify offset splices on drawings and monitor construction. 

Figure 5. 7 is a checklist to aid in evaluating the acceptability of a splice orientation. 

5.6 Comparison of Test Results with ACI and AASHTO Code Provisions 

To put test results into a more practical context, a comparison is made between the actual bar stresses at failure and 
those predicted by equations in the ACI and AASHTO specifications. The applicable code equations are all 
arranged to calculate a minimum splice length from the yield stress of the steel and other, known parameters. Since 
the splice length in each test was known, though, the equations can be reversed to calculate a bar stress at failure. 

The AASHTO equations for required splice length (Equations 2.13 and 2.14), modified to calculate bar stress at 
failure, are: 

but not greater than 

where: Is 

Ab 

fy 

J; 

Fmod 

Fclass 

required length of splice, in. 

cross-sectional area of each bar being spliced, in2 

= yield stress ofthe spliced steel, ksi 

concrete compressive strength, ksi 

= modification factors based on member geometry and material properties. 

modification factor based on the class of splice. 

Likewise, the ACI equations for required splice length (equations 2.8 - 2.12) can be rearranged to compute bar 
stress at failure. 

A summary of all actual and specification-derived bar stresses is presented in Table 5.5. The predictions from the 
specification equations were consistently conservative, as seen in the table. On the average, the simplified ACI 
equation was the most conservative, while the more accurate ACI equation was the least conservative. The margin 
of safety for the AASHTO equation lies between those of the two ACI equations. 
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Adequacy of Splice 

O.K. 

Yes 
Are splices designed - ... -- assuming a ---side-by-side orientation ? 

No 

~, 

Yes 
O.K. - Is the clear spacing between 

--- splices sufficiently large that 
face-splitting is not likely ? 

Q) 

.~ 

No ~ 
c: 
00 ·v.; 

~, 
Q) 

'"0 
Q) 

~ 

O.K. 
Yes 

Does the amount of -- transverse steel sufficiently 
improve bond strength? 

No ,, 
Yes Specify offset splice 

O.K. 
......._ and verify its use 
--- in construction 

Figure 5-7 Checklist determining adequacy of splice 
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Table 5-5 Comparison of bar stress at failure for different code equations 

II Test lltest llAASHTO llACI (1) I llACI(2) 

i MPa(ksi) MPa (ksi) MPa (ksi) MPa(ksi) 

12-S-P 187 (27.2) 76 (11.0) I 114 (16.6) 100 (14.5) 
9-S-P 216(31.4) i 151 (21.9) ! 114 (16.6) 138 (20.0) 

12-0-P 239 (34.7) 162 (23.5) 134 (19.4) 192(27~1 
9-0-P 245 (35.5) 162 (23.5) 134 (19.4) 236 (34 

12-S-A 198 (28.8) 81 (11.8) 93 (13.5) 85 (12.4) 
9-S-A 265 (38.4) 162 (23.5) i 140 (20.3) I 132 (19.1) 

12-0-A~ 155 (22.5) 118 (17.1) 127 (18.5) 
9-0-A 302 (43.9) 155 (22.5) 118(17.1) 167 (24.3) 

argi 1.8 2.0 1.8 
Safe tv 
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CHAPTER SIX 
Summary and Conclusions 

6.1 Summary 
The primary objective of this project is to evaluate the strengths of different splice orientations, side-by-side and 
offset, as a function of spacing between splices and the presence of transverse reinforcement. To obtain the data 
necessary to draw conclusions, eight tests were conducted. Three parameters were varied between tests: splice 
configuration, splice spacing, and the presence (or absence thereof) of transverse reinforcement in the splice region. 
Each of the eight tests involved a unique combination of the three variable parameters. Thus, by comparing 
different pairs of tests, the effects of each of the parameters on bond strength can be determined. 

6.2 Conclusions 

6.2.1 SPUCE ORIENTATION 

Given the same center-to-center splice spacing, offset splices have move clear spacing between adjacent splices than 
do side-by-side splices. Consequently, there was a difference in the bond strength of splices of different 
orientations. On average, offset splices were approximately 16% stronger than side-by-side splices, consistent with 
predictions made using empirically derived equations. Although offset splices consistently failed at a higher stress 
than their side-by-side counterparts, the ratio of the two bond strengths decreased as the center-to-center spacing 
between splices increased. Offset splices were about 7% stronger for tests with 9 splices, while they were about 
24% stronger for tests with 12 splices. 

6.2.2 PRESENCE OF TRANSVERSE STEEL 

Data from the tests do not indicate that transverse reinforcement significantly contributed to bond strength. The 
presence of transverse steel in the splice region did offer benefits in other respects, though. The specimens lacking 
stirrups in the splice region failed in an abrupt manner, with the stress in the splices decreasing immediately when 
the peak load was reached. For specimens with stirrups in the splice region, on the other hand, the peak load was 
sustained with increasing deflection. At the peak load plateau, stresses were redistributed among the splices. The 
inclusion of transverse steel in the splice region contributed to a more ductile failure mode than was experienced in 
specimens with no stirrups in the splice region. The limited data and differences in materials or construction 
between specimens without transverse steel did not permit full evaluation of the effect of transverse reinforcement 
on splice strength. 

6.2.3 SPUCE SPACING 

Previous tests show that increased clear cover or increased clear spacing between adjacent splices increases bond 
strength. In the tests conducted, splices with greater clear spacing achieved higher bond stresses. On the average, 
tests with 9 splices (large spacing) produced bond stresses about 26% higher than tests with 12 splices (small 
spacing), about as expected from previously derived equations. 

6.2.4 DESIGN CONSIDERATIONS 

For most cases, the difference in bond strength between the two splice orientations is not enough to warrant 
specifying one orientation or the other For some splices with little clear spacing between adjacent splices, however, 
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the difference in bond strength is large enough that the designer should consider either specifying offset splices or 
recalculate the splice length assuming a side-by-side orientation. 
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