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ABSTRACT

The bond strength of Grade 100 ASTM A 1035 reinforcing steel
manufactured by MMFX Technologies Corp. is evaluated with respect to bond
strength equations found in ACI 318-05 and ACI 408R-03. Test specimens are full-
scale beam-splice specimens tested in four-point bending to create a constant moment
region over the length of the splices. Specimens differed with regard to the level of
confinement provided by transverse reinforcement, concrete cover and bar spacing,
concrete compressive strength, and bar size. Sixty-nine specimens were tested at
three universities — North Carolina State University, the University of Texas at
Austin, and the University of Kansas — of which 64 failed in bond and are included in
this report.

The results indicate that the development length equation found in ACI 318-
05 is not suitable for the design of unconfined or confined splices without the use of a
modification factor. The development length equation found in ACI 408R-03 is

suitable for analysis purposes for both unconfined and confined splices.
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CHAPTER 1
INTRODUCTION

1.1 General

Although strong in compression, concrete possesses very little tensile
strength. To be of use in construction, steel reinforcing bars, which are strong in both
tension and compression, are used in concrete to carry the tension forces, creating
reinforced concrete.

Bond is an important factor in reinforced concrete, as the bond between the
concrete and the reinforcing steel transfers the tensile forces from the concrete to the
reinforcing steel. Bond force is transferred primarily by friction, chemical adhesion,
and mechanical interlock between bar deformations and the surrounding concrete.
For deformed bars, which are the most commonly used reinforcing bars, mechanical
interlock is the primary method of bond force transfer. Inadequate bond force
transfer can cause failure of the concrete by splitting of the concrete near the
reinforcing steel or by the reinforcing steel pulling out of the concrete.

To transfer bond force adequately, there must be a sufficient length of
reinforcing bar, known as the development length over which the bond force is
transferred from the concrete to the reinforcing steel or the splice length over which
the bond force is transferred between two spliced bars. The development/splice
length required to adequately transfer bond force depends on many factors, including
deformation properties of the bar, such as height and spacing, concrete cover,
concrete strength, bar size, and confinement by transverse reinforcement.

This study covers the bond behavior of Grade 100 A 1035 reinforcing steel,
manufactured by MMFX Technologies Corporation, evaluated at stresses between 80
and 140 ksi. The reinforcing steel is evaluated using beam-splice specimens with 2 to
4 lap splices in each specimen. The specimens were designed to investigate the
effects of such factors as confinement level, concrete cover, concrete compressive

strength, bar size, and splice strength. Previous research indicates that bond



equations developed for lower strength steels may be unconservative at stresses above
100 ksi (El-Hacha and Rizkalla 2004).

This study is part of joint bond research program between the University of
Kansas, the University of Texas at Austin, and North Carolina State University. The
program includes tests of sixty-nine beam-splice specimens of which 64 experienced

bond failure and are included in this report.

1.2 Previous work

Previous studies show that compared with Grade 60 steel, Grade 100 steel
allows beam-splice specimens to reach higher loads and deflections before failure
(Ansley 2002). The earlier tests also indicate that for bars not confined by transverse
reinforcement, longer splices will increase the load at failure and may provide
additional ductility, although after a certain point increasing the splice length will not

increase the load or deformation capacity (Peterfreund 2003).

1.2.1 Comparison with Grade 60 Steel

The Florida Department of Transportation (FDOT) conducted a series of tests
on four sets of two beams each for the purpose of comparing MMFX Grade 100
reinforcing steel with Grade 60 reinforcing steel (Ansley 2002). All four sets of tests
were full scale beam specimens and used concrete with a target compressive strength
of 5000 psi. Of the four sets, one used continuous flexural reinforcement, two used
unconfined lap splices, and one studied the effects of using Grade 60 stirrups versus
Grade 100 stirrups. Only the splice tests are described here.

The first set of lap splice tests used No. 6 reinforcing bars with a lap splice of
10.5 in. at the midspan of the beam. Both the specimen with the Grade 60
reinforcement and the specimen with the Grade 100 reinforcement failed in bond
before the bars yielded. Although neither steel yielded, the beam with Grade 100
reinforcement attained a higher load than the beam with Grade 60 reinforcement,

reaching a higher load before failure.



The second set of lap splice tests used No. 6 reinforcing bars with a lap splice
of 30.5 in. at the midspan of the beam. Both specimens failed in bond, though the
stress was high enough to yield the Grade 60 steel before failure. The beam with
Grade 100 attained a higher load, and since the steel did not yield, deflected
significantly less than beam with Grade 60 steel.

1.2.2 Development length characteristics

Peterfreund (2003) conducted six tests of full scale beam-splice specimens.
The specimens contained non-contact lap splices of Grade 100 No. 4 and No. 5 bars
with a clear spacing of one bar diameter. Concrete cover of at least 1.5 in. was
provided on all sides. Specimens were tested in four-point loading. The concrete
compressive strength was approximately 6000 psi.

The three tests conducted with No. 4 bars used splice lengths of 23.8 in., 18.5
in., and 13.8 in. The tests with the two longer splices failed at approximately the
same load, but the specimen with the longest splice exhibited more ductility,
indicating better bond with the concrete. The specimen with the shortest splice failed
at a significantly lower load and exhibited much less ductility.

Of the three tests conducted with No. 5 bars, one was not loaded to failure due
to technical problems, and only the remaining two were included in the final data.
The two specimens had splice lengths of 37.0 in. and 29.1 in. The specimen with the
longer splice failed at a higher load and exhibited greater ductility than that with the
shorter splice. Both No. 5 bar test specimens failed at higher loads than the No. 4 bar
test specimens, although the specimens containing No. 5 bars did not exhibit

significantly greater ductility.

1.2.3 Design Equations

The equations found in ACI 408R-03 (ACI Committee 408 2003) [Eq. (1.1)]
and ACI 318-05 (ACI Committee 318 2005) [Eq. (1.2)] can be used to predict bond
strength and determine the development length necessary to adequately anchor

reinforcing bars. The equations in ACI 408R-03 are more commonly used for



analysis, and take into account bar size, concrete compressive strength, splice length,

bottom and side cover, bar spacing, the effects of confining transverse reinforcement,

. . co+K, . .. . .
and relative rib area of the bars. The term (—”j 1s limited to 4, as this has been
b

found to be the point at which bond failure begins to transition from splitting to

pullout (Darwin 1996b).

Equation (1.1) was developed using a database of more than 450 beam-splice
tests dating from 1955. During its development, the original equation factored in the
effects of development length, concrete compressive strength, cover, bar diameter,
and the amount and spacing of confining transverse reinforcement on bar stress.
Research by Darwin, et. al. (1996a), first using a database of 199 beams found that
using the quarter power of f/ more closely approximated the effects of concrete
compressive strength than the more commonly used square root of f (Orangun et.
al. and ACI 318-05). The new equation also took into account relative rib area of the
bar. An improved equation was developed by Zuo and Darwin (2000). It used a
larger database, 367 beams, and included the effects of high-strength concrete. It
served as the prototype for Eq. (1.1) developed by ACI Committee 408 (2003).

( J: -2400a)]
/.

/ r1/4
e (1.1)
b 763 COt Ky
db
w=0.15m 1 09<125 (1.1a)
cmin
c=c, +0.5d, (1.1b)



K, :(%)ﬂm (1.1c)

Sn

t,=0.72d, + 0.28 (1.1d)
t=9.6R +0.28 < 1.72 (1.1e)
where:
Ay = total cross-sectional area of all transverse reinforcement, in’
Ch = cover of reinforcement being developed, measured to tension face of
member, in.
Cmae = maximum value of ¢, or ¢;, in.
Cmin = minimum value of ¢, or ¢, In.
Cs = minimum value of ¢; + 0.25 in. or ¢, 1n.
Cso = side cover of reinforcing bars, in.
Csi = half the clear spacing between reinforcing bars, in.
dp = nominal bar diameter, in.
S = specified compressive strength of concrete, psi
Js = bar stress, psi
ly = development length, in.; taken as equal to splice length /
n = number of bars being developed or spliced along plane of splitting
N = number of stirrups or ties crossing a splice
R, = relative rib area, ratio of projected rib area normal to bar axis to product of

nominal bar perimeter and average center-to-center rib spacing
S = center-to-center spacing of transverse reinforcement within /; or /;, taken as

ly/N when when matching tests



Equation (1.2), from ACI 318-05, is used for design. The equation takes into
account bar size, concrete compressive strength, splice length, bottom cover, and the
effect of confining transverse reinforcement. It was developed based on the work of
Orangun et. al. (1995) and first appeared in ACI 318-95 (ACI Committee 318 1995).

Because it was meant for design, it gives a more conservative estimate of bar stress

than the equation found in ACI 408R-03. The term (cb;—K”] is limited to 2.5.
b

Ly 3 ) v (12)
S
d,
K, = AT (1.2a)
1500sn
where:
Ay = total cross-sectional area of all transverse reinforcement, in’
Ch = cover of reinforcement being developed, measured to tension face of
member, in.
dp = nominal bar diameter, in.
f! = specified compressive strength of concrete, psi
fs = bar stress, psi
Syt = yield strength of the transverse reinforcement, psi
lq = development length, in.; taken as equal to splice length /;
n = number of bars being developed or spliced along plane of splitting
s = maximum center-to-center spacing of transverse reinforcement with in /4 or
2
Ws = reinforcement size factor = 1.0 for bar sizes greater than No. 7 and 0.8 for

No. 6 and smaller



1.3 Discussion

Bond force is the force transferred between concrete and reinforcing bars in
reinforced concrete members (Fig. 1.1). Bond can be affected by many factors
including concrete strength, reinforcing bar size and placement, amount of confining

transverse reinforcement, and splice or development length.

Aggregate
é \ @ @ / Mechanical Interlock

. 7y

Deformed Bar T

<

Bond Force Rib

Figure 1.1 - Mechanical interlock between concrete and a reinforcing bar

1.3.1 Bond force

The bond between concrete and reinforcing steel allows tensile stresses in the
concrete to be transferred to the reinforcing steel. Adequate bond between concrete
and reinforcing steel enables a reinforced concrete member to reach its full flexural
design capacity.

Bond force is transferred in three ways - by adhesion, friction, and mechanical
interlock. Adhesion is the weakest force, and involves the chemical bond between
the concrete and the steel. Adhesion force is lost once the steel slips with respect to
the concrete. Friction contributes to the resisting force during slip. Both adhesion
and friction decrease when the reinforcing bar is placed in tension because the
diameter of the bar tends to decrease slightly due to Poisson’s effect. Mechanical
interlock between the deformations on the bar and the surrounding concrete provides

the majority of the bond force transfer.



1.3.2 Bond failure

Bond failure can occur through splitting or pullout. A splitting failure occurs
when the relative movement between the reinforcing steel and the concrete becomes
high enough that the deformations on the bar begin to act as wedges, putting the
surrounding concrete in transverse tension and causing the formation of splitting
cracks parallel to the bar. Splitting cracks typically radiate outward from the bar and
tend to first form where there is the least amount of concrete cover. With continued
loading, splitting cracks grow in width and radiate outward to the face of the
specimen or between adjacent bars or splices. As they continue along the
development length of the bar, the cracks can cause the delamination of a layer of
concrete unless confining transverse reinforcement is provided. Crack growth
eventually leads to bond failure.

A pullout failure occurs when the concrete between the deformations on the
bar fails in shear or compression. A pullout failure tends to occur only when the
concrete cover is high or the bar is confined by transverse reinforcement that limits

the propagation of splitting cracks.

1.3.3 Factors affecting bond

Many factors are known to influence bond strength. Among the more
influential are concrete cover, bar spacing, amount of confining transverse
reinforcement, splice and development length, concrete compressive strength, bar
size, and relative rib area. The effects of splice length and amount of confining

transverse reinforcement are the two principal factors studied in this project.

Concrete cover and bar spacing

Concrete cover is the distance between the surface of the bars being developed
and the face of the specimen. Cover is typically defined in terms of side cover (cover
to the side of the beam) and bottom cover (cover to the tension face of the beam).
When determining the required development or splice length, the lowest cover is

assumed to control, since that is where the concrete will experience splitting failure



first. Increasing concrete cover can increase the bond force at failure by increasing
the confining force on the bar prior to failure. If the cover is high enough, bond
failure due to splitting may not occur, and the member may fail in flexure or in bond
due to pullout instead.

Because splitting cracks can propagate between bars as well as to the surface
of the concrete, closely spaced bars can exhibit reduced bond strength. To help
prevent this, bars are typically spaced one or two bar diameters apart in beams. In
slabs, which allow greater bar spacing because of their greater widths, shorter
development and splice lengths are appropriate. This point is not specifically
recognized by Eq. (1.2) but is handled by reducing the development and splice length

of bars typically used in slabs, No. 6 and smaller.

Confining transverse reinforcement

Confining transverse reinforcement helps limit the growth of splitting cracks
and provides additional clamping force. Confinement reduces the required
development and splice length, increases the bond strength, and increases the ductility
of the splice. The effectiveness of confining transverse reinforcement depends upon
the total cross-sectional area of the transverse steel per deformed bar being developed

or spliced.

Development/splice length

Development length is the distance required to fully transfer all of the tensile
force in the concrete to the reinforcing steel. If the development length is inadequate,
the member may fail in bond before the steel yields. Where lap splices are necessary,
the required lap length is the development length needed to fully transfer the tensile

force from a bar to the adjoining bar.



Concrete compressive strength

Increasing the compressive strength of concrete increases the tensile strength
as well, which helps resist the formation of splitting cracks and increases bond
strength. Since the fracture energy of the concrete is not directly related to its
compressive strength, an increase in concrete compressive strength does not directly
correlate with an increase in bond strength. Rather, bond strength has been found to
be more closely related to \/76' for concretes with compressive strengths less than
8,000 psi and to {‘/Z’ for concretes with compressive strengths from 3,000 to 16,000
psi (ACI Committee 408 2003).

Bar size

Larger reinforcing bars are capable of reaching higher bond forces per unit
length than smaller bars for the same cover to the center of the bar or the same
confining transverse reinforcement. The increase in bond force in larger bars,
however, is not proportional to the increase in bar area. Thus, using a greater number
of smaller bars may be more effective than using fewer large bars if the available
development length is limited. This will be true until the point at which the closer bar

spacing becomes detrimental (ACI Committee 408 2003).

Relative rib area

Relative rib area is the ratio of the bearing area of the bar deformations to the
shearing area between the deformations. Relative rib area does not affect the bond
strength of bars that are not confined by transverse reinforcement since all modern
deformed bars are able to mobilize the splitting strength of the concrete regardless of
the size or spacing of the deformations (ACI Committee 408 2003). For bars with
confining transverse reinforcement, increasing the relative rib area increases the
effectiveness of the confining transverse reinforcement by mobilizing a higher

clamping force (Darwin and Graham 1993).
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1.3.4 MMFX Grade 100 reinforcing steel

Micro-composite Multi-structural Formable (MMFX) Grade 100 reinforcing
steel possesses both increased corrosion resistance (as compared to standard A 615
steel) and high tensile strength. Grade 100 steel has a nominal yield strength of 100
ksi and a nominal tensile strength of 150 ksi. The steel also has a relatively high
chromium content, 8-10%, just below that of stainless steel (El-Hacha and Rizkalla
2002) and a low carbon content, required by ASTM A 1035 (2006) to be less than
0.15%. Unlike most ASTM A 615 steel, Grade 100 A 1035 steel lacks a distinct
yield point or yield plateau, but instead has a roundhouse curve, as can be seen in

Figure 1.2.

180
MMFX Grade 100; No. 11
160 B e —-— — T T T TUTC

e - ™
140 Vo MMFX Grade 100; No. 5, 8

— —
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Figure 1.2 - Stress-strain curves of Grade 60 and Grade 100 steels
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1.4 Objective and scope

Traditional design and analysis equations such as those found in ACI 318-05
and ACI 408R-03 were calibrated with data from conventional steels with nominal
yield strengths of 75 ksi or less. The objective of this research is to evaluate the bond
performance of Grade 100 ASTM A 1035 reinforcing steel and determine suitability
of the previously established bond design and analysis equations for Grade 100 steel,
which can achieve bar stresses of 150 ksi or more.

Three universities, the University of Kansas (KU), the University of Texas at
Austin (UT), and North Carolina State University (NCSU), constructed a total of 69
full scale beam-splice specimens designed to fail at tension bar stresses of 80, 100,
120, or 140 ksi. The specimens were designed in flexure to reach tensile bar stresses
of 150 ksi before failing in flexure. The specimens were designed with varying
concrete cover, concrete compressive strength, splice length, bar size, and amount of
confining transverse reinforcement to determine the effect of these parameters on the
bond strength of the steel.

Of the 69 specimens, ten were cast as slab specimens with four lap splices
each, while 59 were beams with two lap splices. Twelve beams had duplicate
specimens cast at other universities for purposes of comparison. KU and NSCU each
tested 22 beam-splice specimens, while UT cast an additional three specimens to
study the effect of concrete compressive strength on bond strength for a total of 25
specimens. Of 69 beams cast at three universities, 64 failed in bond and are included
in this report. Detailed test results for the KU specimens can be found in Appendix

B.
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CHAPTER 2
EXPERIMENTAL PROGRAM

2.1 General

As recommended by ACI Committee 408 (2003), beam-splice specimens
were used to study the bond behavior of the reinforcing steel. The specimens tested
at the University of Kansas were designed to achieve a stress in the tension steel of
150 ksi at flexural failure. Splice lengths, confining transverse reinforcement, and
concrete cover dimensions were selected to achieve a bond failure within the splice at
stress levels in the tension steel of 80, 100, 120, or 140 ksi based on bond strength
prediction equations in ACI 408R-03 (ACI Committee 408 2003).

Of the sixty-nine beams tested in the study, twenty-two specimens were tested

at the University of Kansas (KU) with the following parameters:

No. 5 bars:
%, in. and 2d,, cover
18, 25, 32, and 43 in. splice lengths, /
5000 psi target concrete compressive strength, f
All splices unconfined
No. 8 bars:
1 % in. and 2 % in. cover
27, 36,47, and 63 in. splice lengths, ¢
5000 and 8000 psi target concrete compressive strength, f
0,2,4,5, and 8 No. 4 bar stirrups confining the splice
No. 11 bars:
2 in. cover
58 and 79 in. splice lengths, /s
8000 psi target concrete compressive strength, f

0, 4, and 9 No. 4 bar stirrups confining the splice
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2.1.1 Notation

Test specimens are identified using a notation system common to the three
universities. The notation designates the size of the spliced bars, the concrete
compressive strength in ksi, the bar stress level for splices without confining steel, the
level of confinement, and the concrete clear cover. Beams were designed in
groupings of six with identical cover, dimensions, and span lengths. The beams in a
series differ in terms of splice length (two lengths were used) and level of

confinement (three levels were used). Beams are identified as shown in Figure 2.1

and described in Section 2.1.2.

Bar size | ———» 8-5-OCO0-1.5 | Minimum cover
(No.) / \ \ (in. or dp)
Concrete ID representing Degree of
compressive the bar stress confinement
strength, £ (ksi) without
confining steel 0, Af; =0 ksi
1, Afs =20 ksi
O, f; = 80 ksi 2, Af; =40 ksi
X, fs=100 ksi
Af; = Increase in
bar stress due to
confinement

Figure 2.1 - Sample notation for a beam-splice specimen

2.1.2 Collective Test Program

Each school was responsible for three series of specimens plus two sets of two
beams from a series for which another university had primary responsibility. Table
2.1 summarizes the test program. Duplicate beams are shown in bold. The test
specimens include those from the original program of sixty-six beams plus three extra

specimens tested at the University of Texas (UT) for the purpose of evaluating the
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effect of concrete compressive strength. These specimens are duplicates of specimen
8-8-OC -1.5 at the 0, 1, and 2 levels of confinement, but were cast with 5 ksi
concrete instead of 8 ksi concrete. To avoid confusion with specimens already titled
8-5-OC -1.5, which have a different splice length, these three additional specimens
are designated as 8-5-SC_-1.5, in which ‘S’ denotes a “special” design bar stress with
confining steel. North Carolina State University (NCSU) ran duplicates of four
beams tested at UT.

Table 2.1 - Matrix of test specimens from all schools

f'. | d, Cover KU NCSU uT*
(ksi) [(No.) (in) |O**|[X**] O | X | O | X
3/4 0 0 0 0
5 2d, 0 0 0 0
3d, 0 0 ”
5 1.5 ]01,2]01,2 02 | 02 4
8 o
2.5 0,1,2]0,1,2 =
o
0,121 0,1,2 o
1 5
3 0,12 | 0,1,2 =
=
1.5 02 | 02 ]o01,2]01,2 g
8 @)
g 25 |o12]012
0,12 | 0,1,2
11 2 2% 2y
3 0,12 0,1,2
Total Specimens 22 22 22

*Does not show UT specimens 8-5-SC0-1.5, 8-5-SC1-1.5, and 8-5-SC2-1.5

**ID representing the bar stress without confining transverse steel

Five series of specimens were tested at KU, as shown in Table 2.2. Series 1
and 2 are duplicates of beams tested at UT, while Series 3, 4, and 5 are complete sets
of six. The series are split into groups according to splice length; ‘A’ denotes the
shorter of the two splice lengths (and lower bar stress at splice failure), while ‘B’ is

the longer (with the higher bar stress at splice failure).
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Table 2.2 - Matrix of KU test specimens

2| = Bar | Nominal | Minimum | Nominal | Splice | Design
5 g Specimen | Size f. Cover Section Length | Stress
n
No.)| (ksi) (in.) (in. x in.) (in.) (ksi)
! A | 5-5-0C0-3/4 075 14 %20 32 80
B | 5-5-XC0-3/14 5 5 43 100
A | 5-5-0Co0-2d, 18 80
2 5 [ 55xc024, 1.25 35x 10 s T00
8-5-0C0-1.5 80
A | 85-0OC1-1.5 47 100
3 8-5-0C2-1.5 5 L5 14 % 30 120
8-5-XC0-1.5 100
B | 85-xc1-15 63 120
8-5-XC2-1.5% g 140
8-8-0C0-2.5 80
A | 8-8-0c1-25 27 100
4 §80C2:25 8 25 14x 21 120
8-8-XC0-2.5 100
B | 8-8-xc1-25 36 120
8-8-XC2-2.5 140
11-8-0C0-2 80
A | 11-8-0C1-2 58 100
5 18ocz2 1 8 2 24 x 26 120
11-8-XC0-2 100
B | 11-8-xc1-2 79 120
11-8-XC2-2** 140

*T-beam with by = 28 in. and hy=7 in.
**T-beam with b= 38 in. and hy="7 in.

2.2 Test Specimens

2.2.1 Flexural Design

The design methods described in this section were used for the specimens
tested at KU, although the procedures were similar for all three universities. Table
2.3 summarizes the geometrical and reinforcement details of the twenty-two beam-

splice specimens tested at KU.
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Table 2.3 - Summary of flexural design details

Specimen Design Beam Dimensions . Shear Longitudinal Reinforcement
Reinforcement

Area of Area of Target

a Support | Span, Effective Depﬂj to Bar C/(.: Bar | No.of | Tension Compr. Bagr
E Designation Spacing L Degth, As, ! Size Spacing, Size | Bars Steel, Steel, Stress,
G d S2 A, A, f,
(ft) (ft) (in.) (in.) (No.) (in.) (No.) | (ea.) (in?) (in3 (ksi)

1A | 5-5-OC0-3/4 7 15 18.94 1.81 4 4 5 4 1.76 1.76 80
1B | 5-5-XC0-3/4 7 15 18.94 1.81 4 4 5 4 1.76 1.76 100
2A | 5-5-0OCo0-2d, 7 15 8.44 1.75 4 4 5 4 1.76 0.80 80
2B | 5-5-XC0-2d, 7 15 8.44 1.75 4 4 5 4 1.76 0.80 100
8-5-0C0-1.5 10 21 28.00 1.75 4 4.5 8 2 1.58 0.40 80

3A| 8-5-0C1-15 10 21 28.00 1.75 4 4.5 8 2 1.58 0.40 100
8-5-0C2-1.5 10 21 28.00 1.75 4 4.5 8 2 1.58 0.40 120
8-5-XC0-1.5 10 21 28.00 1.75 4 4.5 8 2 1.58 0.40 100

3B | 8-5-XC1-15 10 21 28.00 1.75 4 4.5 8 2 1.58 0.40 120
8-5-XC2-1.5 10 21 28.00 2.00 4 4.5 8 2 1.58 3.16 140
8-8-0C0-2.5 10 21 18.00 2.00 4 5 8 2 1.58 1.58 80

4A| 8-8-OC1-25 10 21 18.00 2.00 4 5 8 2 1.58 1.58 100
8-8-0C2-2.5 10 21 18.00 2.00 4 5 8 2 1.58 1.58 120
8-8-XC0-2.5 10 21 18.00 2.00 4 5 8 2 1.58 1.58 100

4B | 8-8-XC1-25 10 21 18.00 2.00 4 5 8 2 1.58 1.58 120
8-8-XC2-2.5 10 21 18.00 2.00 4 5 8 2 1.58 1.58 140
11-8-0C0-2 11 24 23.50 1.75 5 4.5 11 2 3.12 0.40 80

5A| 11-8-0C1-2 11 24 23.50 1.75 5 4.5 11 2 3.12 0.40 100
11-8-0C2-2 11 24 23.50 1.75 5 4.5 11 2 3.12 0.40 120
11-8-XCO0-2 11 24 23.50 1.75 5 4.5 11 2 3.12 0.40 100

5B | 11-8-XC1-2 11 24 23.50 1.75 5 4.5 11 2 3.12 0.40 120
11-8-XC2-2 11 24 23.50 1.97 5 4.5 11 2 3.12 3.56 140

*Height of Series 1 specimens was 20 in. for the middle 6 ft. of the beam.

2.2.2 Shear Design

Shear reinforcement for the portions of the beams outside of the central
constant moment region was designed in accordance with procedures outlined in ACI
318-05. The spacing of closed stirrups s, varied between 4 and 5 in. Series 1 through
4 used No. 4 closed stirrups as shear reinforcement, while Series 5 used No. 5
stirrups. The closed stirrups were made with Grade 60 ASTM A 615 steel and
fabricated with 135° hooks at one corner. The majority of the stirrups used in the
testing program and all of the stirrups used in specimens in Series 1 and 5 were bent
at a fabricating shop; some of the stirrups used in Series 2, 3, and 4 were fabricated at

KU.

17



2.2.3 Splice Design

Splice Length and Confinement

Test specimens were designed with lap splices centered at the midspan of the
beam. Two splice lengths /s were selected for each series that, according to ACI
408R-03, would result in bond failure at bar stresses of 80 and 100 ksi if the splices
were not confined by transverse reinforcement. These specimens were designated as
“OC_” or “XC_”, with “O” denoting the shorter splice length, and “X” the longer.
Stirrups provided two levels of confinement, “ C1” and “ C2”, designed to increase
the bar stress at failure for each splice length by 20 or 40 ksi, respectively. The
nominal center-to-center spacing between transverse reinforcement over the length of
the splice s; 1s listed in Table 2.4. The resulting nominal splice strengths are 80, 100,
and 120 ksi for specimens OCO0, OC1, and OC2, respectively, and 100, 120, and 140
ksi for specimens XCO0, XC1, and XC2.

Concrete Cover

Test specimens containing No. 8 and No. 11 bars were designed to have equal
amounts of concrete clear cover on the bottom ¢, and sides c¢;, of the spliced bars to
help ensure an equal likelihood of failure by bottom or side splitting. The No. 8 bars
had a clear spacing 2c¢,; equal to twice the concrete clear cover, while the No. 11 bars
had a clear spacing greater than two times the clear cover. Specimens containing No.
5 bars were designed as slabs and, thus, had clear bar spacings that were greater than
twice the bottom cover to simulate typical slab construction. Clear spacing remained
twice the side cover. Figure 2.2 shows the typical cross-sectional layouts for all beam

splice-specimens.
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Table 2.4 - Splice and cover dimensions for KU specimens

Specimen Splice Design
Splice | Bottom | Outside |Half clear c/c Tie Target
S . . Length, | cover, cover, spacing NO' 4 Spacing, |Bar Size No. of Bar Stress,
o Designation | c c . Stirrups s Bars f
[0) s b S0 si 1 s
(in) (in.) (in) (in) (ea.) (in) (No.) (ea.) (ksi)
1A | 5-5-OC0-3/4 32 0.75 1.13 1.13 -- - 5 4 80
1B | 5-5-XCO0-3/4 43 0.75 1.13 1.13 -- -- 5 4 100
2A | 5-5-OC0-2dy 18 1.25 3.75 3.75 -- -- 5 4 80
2B | 5-5-XCo0-2d, 25 1.25 3.75 3.75 -- - 5 4 100
8-5-0C0-1.5 47 1.5 1.5 3.5 -- --- 8 2 80
3A| 8-5-0C1-1.5 47 1.5 1.5 3.5 4 113/4 8 2 100
8-5-0C2-1.5 47 1.5 1.5 3.5 8 57/8 8 2 120
8-5-XC0-1.5 63 1.5 1.5 3.5 -- - 8 2 100
3B| 8-5-XC1-15 63 1.5 1.5 3.5 4 15 3/4 8 2 120
8-5-XC2-1.5 63 1.5 1.5 3.5 8 77/8 8 2 140
8-8-OC0-2.5 27 2.5 2.5 2.5 -- - 8 2 80
4A| 8-8-OC1-2.5 27 2.5 2.5 2.5 2 13 4/8 8 2 100
8-8-0C2-2.5 27 2.5 2.5 2.5 5 53/8 8 2 120
8-8-XC0-2.5 36 2.5 2.5 2.5 -- - 8 2 100
4B | 8-8-XC1-25 36 2.5 2.5 2.5 2 18 8 2 120
8-8-XC2-2.5 36 2.5 2.5 2.5 5 7 1/4 8 2 140
11-8-0OC0-2 58 2 2 7.18 -- -- 11 2 80
5A| 11-8-OC1-2 58 2 2 7.18 4 14 1/2 11 2 100
11-8-0C2-2 58 2 2 7.18 9 61/2 11 2 120
11-8-XC0-2 79 2 2 7.18 -- - 11 2 100
5B | 11-8-XC1-2 79 2 2 7.18 4 19 3/4 11 2 120
11-8-XC2-2 79 2 2 7.18 9 8 3/4 11 2 140

*Height of Series 1 specimens was 20 in. for the middle 6 ft. of the beam.
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Figure 2.2 - Cross sections of all specimen types, as tested

2.2.4 T-beam Design

Early in the testing program, specimen 8-5-XC2-1.5 failed in flexure in the
compression region near the support. As a result, both that specimen and 11-8-XC2-
2, which were designed to reach stresses of 140 ksi at splice failure, were redesigned
as T-beams with larger amounts of compression steel to increase their flexural
capacity and avoid flexural failures. Specimen 8-8-XC2-2.5, the other beam tested at
KU with a predicted bar stress of 140 ksi, had already been cast and failed in bond in
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the splice region and therefore did not have to be redesigned. The flanges on both
specimens were 14 in. wider than the original web width and 7 in. deep. Additional
compression reinforcement, consisting of four No. 8 bars, was used for both beams.

All other properties of the beams remained unchanged.

2.2.5 Span Length

The nearly constant moment resulting from four-point loading eliminates the
effects of shear forces in the splice region and therefore the need for shear
reinforcement in the middle portion of the beam, allowing transverse reinforcement to
be used solely as confinement for the splices.

All specimens were designed so that the support spacing ensured a distance
from either end of the splice to the central pin and roller supports equal to or greater
than the effective depth of the beam d. The loading span lengths were selected to
induce moments causing bar stresses of 150 ksi at moderate loads. The span lengths
were selected in increments of three feet based on the available 3-ft spacing of load
points in KU’s structural testing laboratory. The specimens were inverted for testing,

as shown in Figures 2.2 and 2.3.
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Figure 2.3 - Elevation view of the test setup

2.3 Materials

2.3.1 Tension Steel

The longitudinal tension reinforcement in the specimens was Grade 100
reinforcing steel. The stress-strain relationship used for the Grade 100 steel for

flexural design was that proposed by Dawood et. al. (2004), shown in Eq. (2.1).

£ =165(1—¢'%%) (2.1)

where:

fs = stress in the steel (ksi)

&, = strain in the steel

The specimens in Series 1 and 2 were designed to simulate slabs, and

contained four No. 5 bars as tension reinforcement. Specimens in Series 3 and 4
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contained two No. 8 bars, while those in Series 5 used two No. 11 bars as primary

reinforcement.

2.3.2 Compression Steel

All specimens contained longitudinal bars in the compression region to anchor
the stirrups used as shear reinforcement and the confining transverse reinforcement.
The specimens in Series 1 and 4 were designed using compression steel to provide
adequate flexural capacity for the beam, while all other designs ignored the presence
of top steel because the bars were small and not required to provide flexural strength.
Specimens in Series 1 and Series 2 contained four No. 5 bars and four No. 4 bars,
respectively. Specimens in Series 4 used two No. 8 bars, while specimens in both
Series 3 and 5 used two No. 4 bars. All compression steel consisted of standard
Grade 60 ASTM A 615 steel and was assumed to follow a bi-linear stress-strain curve

as described by Eq. (2.2).

/. =29000x ¢, <60 ksi (2.2)

2.3.3 Concrete

Target concrete compressive strengths of 5 and 8 ksi were selected to
represent concrete strengths found in actual construction because mixes with
specified strengths of 4 and 6.5 ksi often reach 5 and 8 ksi, respectively. All
specimens were cast with normalweight, non-air-entrained concrete consisting of Ash
Grove Type I/II portland cement, water, Kansas River sand, and crushed limestone
coarse aggregate with a maximum aggregate size of % in. High-range water reducing
admixtures (HRWRAs) were used in all 8 ksi mixes and as needed in 5 ksi mixes to

meet workability targets. Concrete mix design details are presented in Appendix A.
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2.4 Specimen Manufacture

2.4.1 Reinforcing Cage

The beam specimens were constructed one foot longer than the design loading
span to accommodate the loading apparatus. Longitudinal reinforcement was
terminated one inch from the end of the specimen to allow for construction
tolerances. Shear reinforcement was continued to the end of the longitudinal
reinforcement.

Grade markings were allowed within the splice region. The grade markings
did not interrupt the typical deformation pattern for either the No. 8 or No. 11 bars,
and while deformations were removed on the No. 5 bars to accommodate the grade
stamp, the markings were staggered with such frequency that some portion of a grade
marking would remain within the splice length on every specimen.

The cages were assembled using standard 8 in. and 10 in. wire ties. The
reinforcement was cut with a band saw, and band saw cut ends of tension
reinforcement were used within the splices to avoid inconsistencies in material
properties and bar geometry common to the shear-cut ends of the as-delivered bars.

Transverse anchor bars were welded within 2 in. of the end of the longitudinal
reinforcement on all specimens, except those in two of the earliest test specimens, 8-
5-OC0-1.5 and 8-5-XC0-1.5. An early specimen not included in this report exhibited
bond failure near the loading apparatus at one end of the beam, precipitating a shear
failure in that specimen. The anchor bars used in subsequent specimens provided
additional bearing area to ensure proper bar development at the termination of
longitudinal steel. The bond failure precipitated a shear failure in that specimen.
Additionally, the welded anchor bars kept the cage square and rigid during transport.

Cover tolerances were achieved using standard steel reinforcement chairs
attached directly to the longitudinal bars, a stirrup, or to a short piece of reinforcing
bar of the size needed to maintain the appropriate cover of the supported longitudinal

bar.
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2.4.2 Formwork

Specimens were cast in individual forms constructed of %-in. plywood and
2x4s. The forms were protected using a multiple-layer polyurethane coating, and
mineral oil was used as a release agent for all surfaces exposed to concrete. ¥z-in. all-
thread low carbon steel rods were used in all specimens, with the exception of the two
slab-beams in Series 2, to maintain correct width and transfer lateral force from the
weight of the concrete to the form stringers. The rods passed through the specimen
approximately 6 in. from the compression face of the beam at a spacing of 2 ft center-
to-center throughout the entire length of the beam and remained in the concrete
during the splice tests.

Because the test apparatus required the load rods be spaced at 36 in.
transversely at the ends of the span, specimens in Series 2 and specimen 11-8-XC2-2,
a T-beam, required blockouts to reduce the section width at the loading points to
accommodate the load rods. Descriptions of the reduced section are found in the
specimen details located in Appendix B. No longitudinal bars were terminated due to

these changes, and adequate cover was maintained for all longitudinal steel.

2.4.3 Concrete Placement and Curing

The beams were cast using ready mix concrete. In most cases, they were cast
in pairs. Workability was adjusted as needed by adding water that had been withheld
during batching or by adding a high-range water reducer. Due to variability between
concrete loads, all specimens using a specific mix design were not cast with identical
batch quantities, although all 5 ksi and 8 ksi beams were each cast using the same two
nominal mix designs, which may be found in Appendix A.

The beams were cast in two layers, beginning and ending at the ends of the
beams, while placing the bottom and top layers of concrete in the splice regions of
both beams from the middle portion of the batch to help ensure placement of the best
quality concrete in the splice region. Concrete samples for strength specimens and
standard concrete tests were taken in accordance with ASTM C 172 immediately

before and after placing the first lift in both of the splice regions and were combined
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prior to testing the plastic concrete and casting the strength specimens. The concrete
in the beams was consolidated using internal vibration after a complete layer had
been placed.

After casting, beams were typically cured in the forms and covered with wet
burlap and plastic sheeting on the exposed face until approximately three-quarters of
the desired compressive strength had been reached, at which point the forms were
stripped and the beams set on blocks to air-dry on all faces. Some specimens were
stripped prior to attaining three-quarters of the final strength and were instead
completely covered in wet burlap and wrapped in plastic sheeting. During moist

curing, beams were rewet a minimum of once per day.

2.4.4 Strength Specimens

Standard 6 x 12 in. concrete cylinders were cast in accordance with ASTM C
192 along with the splice specimens. The cylinders were stored next to the beams as
they cured, and were stripped simultaneously with the beams.

Cylinders cast in disposable plastic molds were used to track the strength of
the concrete as the beams cured. Three cylinders per beam were cast in steel molds;
these cylinders were used to establish the concrete compressive strength when the
beams were tested. The cylinders were capped in accordance with ASTM C 617
before testing. The cylinders were tested immediately after the completion of the
splice test, and strengths recorded to the nearest 10 psi, in accordance with ASTM C
39. Generally, if multiple beams were tested within a 24-hour period, the
compressive strength of two beams cast simultaneously was treated as the same, and

all cylinder strengths were averaged.

2.4.5 Measurements

Section Properties
The beams were marked to indicate the locations of the load apparatus, pin
and roller supports, ends of the splice region, and the beam centerline. All

longitudinal measurements were taken from the centerline of the beam to eliminate
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any inconsistencies for beams slightly longer or shorter than the nominal length. The
markings were ‘PS’ for the pedestal support, ‘SR’ to indicate the end of the splice
region, and ‘CL’ for the centerline of the beam. The beams were also marked with
cardinal directions for reference in photographs.

Beam width, height, and length were measured along the external faces of
each specimen before testing. Height and width measurements were taken at 11
locations along all sides of each beam, including the pin and roller support locations,
both ends of the splice region, and the centerline of the beam. Total beam length was
typically measured on each side of the beam on both the compression and tension
faces. To ensure accurate measurements, any excess concrete or surface variations
were removed from corners of the beams with an abrasive block or angle grinder.

1 .
Measurements were taken to /3;-in. accuracy.

Cover

Because of the inaccuracies inherent to measuring cover prior to casting, clear
cover values are based on post-break measurements obtained from concrete debris
broken at splice failure or with an air chisel after the completion of testing.
Measurements were taken at each end of the splice because the moment is assumed to
be highest there due to the self-weight of the beam. Concrete was also removed to
expose the compression reinforcement in these locations.

Clear cover measurements taken at each splice end (based on original
orientation at casting) include bottom cover to the tension reinforcement, external
side cover, and top cover to the compression reinforcement. Additionally, the
internal clear spacing between splices was measured. Measurements to the tension
reinforcement were made to the bar deformations, whereas the top cover was
measured to the solid bar stock. All concrete cover measurements were made with

calipers accurate to 0.001 in.
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Bar deformation properties

The bar deformation characteristics were measured and the relative rib areas
calculated for the Grade 100 ASTM A 1035 bars used in this study. Relative rib area
is a measure of the bearing area of deformations on a reinforcing bar normalized to
the surface area of that bar between deformations. Relative rib area was measured in
accordance with ACI 408.3-01/408.3R-01 (ACI Committee 408 2001).

Six-inch digital calipers were used to determine the average width and spacing
of the deformations. A knife-edge dial gage spanning two deformations was used to
determine the deformation height in five places between the ribs. All measurements
were taken on a minimum of five deformations per bar to ensure consistency.
Measurements were accurate to 0.001 in. The relative rib areas were determined to
be 0.0767 for No. 5 bars, 0.0838 for No. 8 bars, and 0.0797 for No. 11 bars. The
three bars are shown in Figure 2.4. Further details may be found in Table A.4 in
Appendix A.

Figure 2.4 - Photograph of No. 5, No. 8, and No. 11 Grade 100 reinforcing steel

2.4.6 Test Setup

All specimens were designed to be tested in four-point bending. Prior to

testing, each beam was inverted from its casting position. This was done by rotating
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the beams while they were supported on longitudinal No. 8 bars cast into and
projecting out of the ends of the beams. The beams were initially cast tension-face
down to avoid any top-bar effect on the primary reinforcement, which is known to
reduce bond strength of reinforcing bars. They were tested in an inverted position for
safety and ease of marking cracks.

As shown in Figure 2.5, the two central reactions were provided by pin and
roller supports made of cold-worked, solid round-stock steel bars in contact with the
compression face through I-in. thick cold-rolled bearing plates. The pin and roller
were mounted on concrete pedestals that were, in turn, supported by a 2-ft thick
reinforced concrete structural floor. All surfaces involved in load transfer were
covered with a layer of Hydrostone, a 10,000 psi high strength gypsum plaster, which
is used to prevent movement between the surfaces and ensure even load distribution.

Beams in Series 3 and 4 were supported by a 6-in. diameter roller and pin,
both 12 in. long, with appropriately sized bearing plates above and below, with the
exception of specimen 8-5-XC2-1.5, a T-beam. All other beams, including both T-
beams, were supported on 30-in. long, 2%-in. diameter round-stock, on 30 x 6-in.
bearing plates. Pin supports were fabricated by welding the round-stock to the lower
bearing plate, allowing no translation between the two.

At each end of the beam, loads were applied through a W8x48 steel spreader
beam spanning the tension face. Each spreader beam was connected to two 1%2-in.
diameter high-yield threaded rods which were passed through stiffened openings in
the wide flange section. These rods were pulled downward through the structural
concrete floor by load-equalized hydraulic jacks connected to a central pump. Load
cells on each of the four load rods were independently calibrated from 0 to 100 kips,

approximately twice the highest load on a single rod required for any test.
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Figure 2.5 - Schematic of the test setup

2.4.7 Instrumentation

Three linear variable differential transformers (LVDTs) were used to record
the vertical beam deflections; one at midspan and one at each load application point at
the end of the span. A dial gage was attached to each LVDT stand so that beam
deflections could also be recorded by hand. The applied load was measured using
load cells located on each rod consisting of a group of four strain gages arranged in a
full Wheatstone bridge. Readings from the LVDTs and load cells were monitored and
recorded using a data acquisition (DA) system. The DA system recorded readings

from the LVDTs and the load cells at a rate of 4 Hz.
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Figure 2.6 - Photograph of the test setup

Within each specimen, four 120Q Y:-in. strain gages with attached leads were
bonded to the primary tension reinforcement. One strain gage was placed on each
spliced bar approximately two inches outside the end of the splice. One deformation
on each No. 8 and No. 11 bar was removed using low-heat grinding and polishing to
provide a level surface for attaching the strain gage. No. 5 bars typically required the
removal of two deformations. Strain gages were applied and sealed following the
manufacturer’s recommended procedures for submersion in concrete. The coating
used to seal the strain gages typically covered a number of deformations, all outside

of the splice region. Strain gages were read using strain indicator boxes.

2.5 Test Procedure

Prior to each test, the double acting jack system was pumped fully in reverse,
after which all slack was taken out of the load rods by tightening the nuts until each

load rod was almost engaged with the fully retracted hydraulic jacks. This was done
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to ensure even loading across all four rods. After zeroing all LVDT, load cell, and
strain gage readings on the DA system and strain indicator boxes, zero readings were
recorded for each of the three dial gages. Load was applied using a manually-
controlled hydraulic pump. Pauses were incorporated in the loading sequence at
predetermined load levels to visually inspect the beam, mark visible cracks, measure
crack widths using crack comparators, and to record strain and dial gage readings.

The initial load increment was always half of the estimated cracking load to
ensure that all instruments and the hydraulic system were operating properly, while
the second load step reached the estimated cracking load. The total number and size
of load increments varied depending on the estimated capacity of the specimen being
tested. Pauses typically were limited to 4 minutes or less. Following specimen failure,
the jacks were pumped in reverse until all load was removed from the rods and the
jacks were fully retracted.

Due to the brittle nature and large amount of stored energy released in splice
failures, the final load step at which cracks were marked and measured was typically
set as % of the estimated failure load. After this point, the load was increased steadily

until failure.
2.6 Section Analysis

2.6.1 General

Loads, moments, and stresses for the beams were calculated using a two-
dimensional analysis in which loads and reactions were assumed to act along the
longitudinal centerline of the beam. Reactions and moments were based on load cell
readings and the weight of the loading assemblies. The self-weight of the beam was
included in the calculations based on average beam dimensions and an assumed
density of 150 pcf. Given that specimens generally experienced nearly identical
moments at both ends of the splices, splitting failures were assumed to initiate from

the splice end with the smallest measured cover dimension.
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The test specimens were evaluated using a cracked section analysis with a
linear strain distribution throughout the cross-section. The beams were analyzed by
both strength and moment-curvature methods for comparison. The moment-curvature
method uses a nonlinear stress-strain curve for the concrete, while the strength
method uses an equivalent stress block. Good agreement in calculated values was
noted between the two methods, and most of the comparisons that follow will be
based on the moment-curvature method. It should be noted that bar stresses based on
the moment-curvature method slightly exceeded those obtained using the strength
method. Figure 2.7, modified from Nawy (2003), is a representation of the moment-

curvature and strength methods of section analysis.

C =0.85/. ba

o-(o-3

Figure 2.7 - Moment-curvature and strength analysis [after Nawy (2003)]

2.6.2 Reinforcing Steel
The steel tensile stress fs (ksi) of MMFX Grade 100 reinforcing steel was

estimated using the stress-strain curves given in Eq. (2.3) and (2.4) and provided by
UT (Glass 2007). Equation 2.3 was used for both No. 5 and 8 bars, while Eq. (2.4)
was used for No. 11 bars. The compression steel is standard Grade 60 steel and is
assumed to follow the bi-linear stress-strain curve given in Eq. (2.5). Figure 1.2

shows the steel stress-strain curves.
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[, =156x(1-e7%) (2.3)
f=162x(1-e77%) (2.4)

£, =29000x¢&, < 60 ksi (2.5)

Concrete

Evaluations made with the strength method used the Whitney stress block and
the values of B; provided in ACI 318-05. Concrete stress f. and strain &, in the
moment-curvature calculations were estimated using the modified concrete stress-
strain relationship developed by Hognestad (1951). Both analyses neglect the tensile
strength of the concrete. The modified Hognestad relationship is listed as Eq. (2.6).

Figure 2.8 shows stress-strain curves for 5 and 8 ksi concrete.

f.= (2.6)

1 =085f" 2.7)
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17! 28

E, =1.8x10°+460 /" (2.9)

where:
fc = concrete stress

f! = concrete compressive strength
" = peak concrete stress

&, = concrete strain
gy = concrete strain at peak stress
&, = ultimate concrete strain at crushing = 0.0038

E. = approximate concrete modulus of elasticity
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Figure 2.8 - Hognestad Stress-strain curves
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CHAPTER 3
RESULTS AND EVALUATION

3.1 General

The twenty-two beam splice specimens tested at KU were evaluated with
respect to observed failure mode, load-deflection behavior, comparison of the
calculated bar stresses versus the predicted bar stresses, and crack patterns. Reported
here are results for the 64 specimens that failed in bond at all schools, as well as more
detailed results for the 22 specimens tested at KU. Table 3.1 summarizes the concrete
strength, cover and spacing measurements, splice lengths, quantity of confining
transverse reinforcement, and the bar stresses at failure, as predicted by ACI 408R-03
and calculated based on the strength or moment-curvature method for the test
specimens for the KU specimens. Additional details regarding the KU specimens

may be found in Appendix B.
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Table 3.1 - Summary of KU specimen results

N Bar Splice | Stirrups Predicted Actual Failure Stress
E Specimen Size fe ¢y | ¢ | ¢ |Length,| Confining |Failure Stress Streneth Moment
& 1, Splice | (ACI 408R) | Curvature
(No.)| (psi) | (in.)] (in) | (in.) | (in.) (ea.) (ksi) (ksi) (ksi)
1A 5-5-0C0-3/4 5,490 [ 0.73]11.08] 1.02 32 0 80.3 73.9 77.0
1B 5-5-XCO0-3/4 5 4,670 |1 0.66]0.92| 1.09 43 0 90.7 79.5 82.2
2A | 5-5-0C0-2db 5,490 [ 1.05]3.72] 3.67 18 0 77.4 83.1 86.9
2B 5-5-XC0-2db 4,670 | 098] 3.80| 3.64 25 0 89.8 87.8 91.2
8-5-0C0-1.5 5,260 | 1.34] 1.41] 3.63 0 77.0 75.1 78.1
3A 8-5-0C1-1.5 4,720 | 1.5411.51] 3.32 47 4 99.5 122.1 123.5
8-5-0C2-1.5 6,050 | 1.34] 1.44] 3.37 8 127.3 125.4 127.3
8-5-XC0-1.5 5,940 | 1.35] 1.41] 3.62 0 99.5 87.0 90.0
3B 8-5-XC1-1.5 4,720 | 1.46| 1.52] 3.36 63 4 117.9 127.5 128.7
8-5-XC2-1.5 3 5,010 | 1.30] 1.53] 3.23 8 135.5 141.4 143.0
8-8-0C0-2.5 8,660 | 2.25]12.25] 2.64 0 77.7 75.9 79.5
4A 8-8-0C1-2.5 7,790 | 2.37]12.19| 2.54 27 2 89.5 85.3 88.7
8-8-0OC2-2.5 7,990 | 2.16]2.28] 2.63 5 100.7 112.3 115.0
8-8-XC0-2.5 7,990 |2.3212.38] 2.61 0 96.1 87.7 91.1
4B | s88-xCi1-25 7,790 | 2.46]2.35| 2.48 36 2 110.9 108.1 111.0
8-8-XC2-2.5 8,660 | 2.25]2.44] 2.57 5 129.3 114.5 117.4
11-8-0C0-2 9370 | 1.82] 1.83] 6.89 0 78.9 64.5 67.9
sa| 1socie 9,370 | 1.55]| 1.68] 7.25| 58 4 94.6 91.7 95.5
nsocz2 | |, 8680 | 1.82]194] 695 9 122.4 120.3 123.5
11-8-XC0-2 9,910 | 1.76] 1.87] 7.30 0 99.1 752 789
5B 11-8-XC1-2 9,910 | 1.94]2.02] 6.98 79 4 126.2 103.2 106.9
11-8-XC2-2 8,680 [ 1.71]2.12| 6.88 9 140.6 134.4 137.3

3.1.1 Unconfined Splice Specimens

Beams without confining transverse reinforcement typically exhibited
characteristics of a brittle failure and abruptly lost all load-carrying capacity. During
testing, it was observed that the greater the failure load and likewise the stored
energy, the greater the likelihood that the splices would fail explosively.

Specimens with low total loads and lower concrete strength also exhibited
brittle splice failures, but were much less likely to fail in an explosive manner.
During testing, it was observed that the exterior two (of four) splices in beams 5-5-
OC0-2dp, and 5-5-XCO0-2d,, failed or slipped prior to failure of the specimen. These
two specimens were slab beams with four splices apiece and no confining transverse

reinforcement. After initial failure of the exterior splices, the load dropped slightly,
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but the beams carried further load until the inner splices failed. The peak loads are

used for analysis.

3.1.2 Confined Splice Specimens

Beams with confining transverse reinforcement in the splice region typically
failed more gradually and exhibited far greater ductility than beams without confining
transverse reinforcement. Beams with confining transverse reinforcement
consistently developed larger splitting cracks before failure and often could be heard
cracking well before failure. Although failure was still brittle for beams with
confined splices, the large increase in ductility provided by the transverse

reinforcement is desirable.

3.2 Load-Deflection Behavior

The load-deflection behavior for each group of specimens was examined to
evaluate the effect of splice strength and confining transverse reinforcement on the
deformation capacity of the specimens. For all load-deflection plots, the total
deflection of the beam is plotted versus the total load. As can be observed in the
load-deflection behavior of the specimens in Group 3B, displayed in Figure 3.1,
adding confining transverse reinforcement not only increases the splice strength but
also deformation capacity. The additional load capacity and ductility are directly
related to the quantity of confining transverse reinforcement. Specimens without
confining transverse reinforcement failed in a brittle manner at significantly lower bar
stresses and smaller overall beam deflections than those with confinement, while
additional confinement further increased the bar stress and beam deflection before

failure.
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Figure 3.1 - Load-deflection behavior of Group 3B specimens

3.3 Calculated and Measured Bar Stresses

The calculations and comparisons made in this study are based on bar stresses
calculated using the moment-curvature method. To determine the effects of
reinforced concrete behavior not included in the assumptions of the moment-
curvature method, most notably bar slip, four strain gages were applied to the primary
tension bars immediately outside of the splices in each specimen as a means to
measure actual bar stress. The measured bar stress is compared to the calculated bar
stress at or near failure for Series 5 in Table 3.2. The measured bar stress is
calculated based upon the measured strain and the same stress-strain curve as used for
the moment-curvature calculations. As can be seen, the measured stresses closely
correlate to the calculated stresses. The measured stresses are, on average, 1.5%

higher than the calculated stresses, and range from 4% lower to 6% higher.
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Table 3.2 - Measured versus calculated stresses for Series 5 specimens

Calculated Measured Meas.-to-Calc. Meas.-to-Calc.
Beam ID Load Stress* Stress** Difference Difference
(kips) (ksi) (ksi) (ksi) (%)
11-8-0C0-2 117 68 71 2.7 4.0%
11-8-XC0-2 136 79 33 4.4 5.6%
11-8-0C1-2 168 95 99 34 3.5%
11-8-XC1-2 185 107 104 -3.0 -2.8%
11-8-0C2-2 212 124 123 -0.1 -0.1%
11-8-XC2-2 242 137 137 -0.3 -0.2%

* Based on moment-curvature method

** Based on measured strain and assumed stress-strain curve for MMFX steel in Eq. (2.4)

The stresses based on the strain gage data for Groups 5SA and 5B are shown in

Figures 3.2 and 3.3, respectively. A single representative strain gage from each test is

shown in these graphs. It should be noted that specimen 11-8-OC2-2 (Figure 3.2)

was loaded to a total load of roughly 48 kips, unloaded, and then reloaded due to

technical problems with the hydraulic system. The graph shows only the reloading

and, thus, does not display the behavior prior to cracking, indicated in all other

records by the much shallower slope at low load levels. The final failure data points,

indicated by asterisks, are calculated from moment curvature and included for

comparative purposes.

41




160
140 1 11-8-0C2-2
120 N
é 100 11'8'OC1'2\ /s =58 in.
2 g0 4 11-8-0C0-2 0C0 - f:* = 68 ksi
B
7 fe=9370 ksi
g 60 - OCI - fi* =96 ksi
40 fo=9370 ksi
OC2 - fi* = 124 ksi
20 1 fo= 8680 ksi
O T T T T T
0 50 100 150 200 250 300

Total Load (kips)

*Stress calculated via moment-curvature

Figure 3.2 - Measured bar stress versus total load for Group 5A specimens
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Figure 3.3 - Measured bar stress versus total load for Group 5B specimens
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3.4 Cracking

During testing, flexural, splitting, and shear cracks formed in the specimens.
Flexural cracks were observed first, while shear cracks and bond splitting cracks
developed as loading continued. Crack patterns typically grew more complex at high
load levels around sites of internal discontinuity, such as the location of reinforcing
bar chairs and strain gages. A card-type clear plastic crack comparator was used to
measure crack width.

Splitting cracks (parallel to the reinforcing bars) generally propagated from
flexural cracks and first appeared at the splice ends, continuing toward the centerline
of the beam. Splitting cracks were most commonly found on the tension face of the
beam, although side splitting cracks often formed at higher load levels. Figure 3.4
shows bottom (as cast) and side splitting cracks that formed on specimen 8-8-XCI-
2.5. Table 3.3 summarizes the loads, bar stresses, and flexural crack widths at the
initiation of splitting cracks, excluding specimens in which no splitting cracks were

observed before the final load step.

Figure 3.4 - Splitting cracks in specimen 8-8-XC1-2.5 at 56 kips total load
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Table 3.3 - Load and bar stress at splitting crack initiation

Nominal | Minimum . Stirrups At Splitting Crack Initiation
. . Splice . -
Beam ID I Section, [ Design Length Confining | Total Splice Flexural
bxh Cover Splice Load Stress | Crack Width
(psi) (in. x in.) (in.) (in.) (ea.) (kips) (ksi) (in.)
5-5-0C0-3/4 5,490 14 x 20 075 32 0 -—- -—- -—-
5-5-XC0-3/4 4,670 43 0 52 59 0.016
5-5-0C0-2d| 5.490 18 0
T d‘; 4’670 35x 10 1.25 T 5
8-5-0C0-1.5 5,260 0 48 40 0.013
8-5-0C1-1.5 4,720 47 4 48 40 0.010
8-5-0C2-1.5 6,050 14 x 30 15 8 80 65 0.020
8-5-XC0-1.5 5,940 0 48 40 0.013
8-5-XC1-1.5 4,720 63 4 72 59 0.030
8-5-XC2-1.5 5,010 8 80 65 0.020
8-8-0C0-2.5 8,660 0
8-8-0C1-2.5 7,790 27 2 30 39 0.013
8-8-0C2-2.5 7,990 14x21 25 5 44 55 0.020
8-8-XC0-2.5 7,990 0 32 41 0.016
8-8-XC1-2.5 7,790 36 2 40 51 0.020
8-8-XC2-2.5 8,660 5 68 85 0.030
11-8-0C0-2 9,370 0 64 38 0.016
11-8-0C1-2 9,370 58 4 64 38 0.020
11-8-0C2-2 8,680 24 % 26 ) 8 64 38 0.016
11-8-XC0-2 9,910 0 64 38 0.016
11-8-XC1-2 9,910 79 4 64 40 0.013
11-8-XC2-2 8,680 8 80 48 0.020

In beams with confining transverse reinforcement, splitting cracks typically
initiated at higher loads than for beams without confining transverse reinforcement.
Generally, splitting cracks initiated in unconfined beams at a bar stress of about 40
ksi, while splitting cracks initiated in confined beams at bar stresses between 55 and
85 ksi. In four beams with unconfined splices, splitting cracks were not observed
before the last load step at which it was safe to approach the beam. Three of these
four were the slab specimens with No. 5 tension reinforcement.

During tests of the Series 5 specimens (beams with No. 11 bars), splitting
cracks were also noted near the supports at higher bar stresses. After testing of Series
5 specimens with high confinement, splitting cracks were observed along the majority

of the beam length, even away from the regions of highest moment. Splitting cracks
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were noted within one foot of the loading apparatus (at the end of the beam) on

specimen 11-8-XC2-2.

3.5 Comparisons with Development Length Equations

Comparisons between the test results and the corresponding predictions for
the 64 specimens that failed in bond at all three universities are presented in this
section. The specimens are divided into two groups — those without confining
transverse reinforcement and those with. Reported are the average, standard
deviation, range, and coefficient of variation of the test/prediction ratios for both ACI
318-05 [Eq. (1.2)] and ACI 408R-03 [Eq. (1.1)]. For specimens with confining
transverse reinforcement, the transverse reinforcement terms for Eq. (1.2) and Eq.

(1.1) are limited to 2.5 and 4, as required by the respective equations.

3.5.1 Unconfined Specimens

The results for 31 unconfined specimens are presented in this section, 10 from
KU, 13 from UT and 8 from NCSU. Of these, 10 are slab specimens with four

splices each and 21 are standard beam-splice specimens.

University of Kansas Specimens

The ten unconfined specimens from KU had an average test/prediction ratio of
0.83 when compared with ACI 318-05 and 0.95 when compared with ACI 408R-03,
indicating that both equations overestimate splice strength and are unconservative. In
addition to more severely overestimating splice strength, ACI 318-05 also exhibits
more scatter, with a coefficient of variation of 0.19, compared to 0.10 for ACI 408R-

03, as can be seen in Table 3.4.

45



Table 3.4 - Comparison of tested and predicted bar stresses at failure for
unconfined KU specimens

Test ACI 318-05 ACI 408R-03
. Test/ Test/
Specimen Stress Stress Prediction Stress Prediction
(ksi) (ksi) (ksi)
5-5-0C0-3/4 77 105 0.73 80 0.96
5-5-XC0-3/4 82 122 0.68 91 0.91
5-5-OC0-2dy, 87 78 1.12 77 1.12
5-5-XC0-2d, 91 94 0.97 90 1.01
8-5-0C0-1.5 78 84 0.93 77 1.01
8-5-XC0-1.5 90 120 0.75 99 0.90
8-8-0C0-2.5 79 84 0.95 78 1.02
8-8-XC0-2.5 91 107 0.85 96 0.95
11-8-0OC0-2 68 95 0.72 79 0.86
11-8-XC0-2 79 130 0.61 99 0.80
0.83 Average 0.95
0.16 Std. Dev. 0.09
0.19 Coef. Var. 0.10
1.12 Maximum 1.12
0.61 Minimum 0.80

All Unconfined Specimens

Unconfined specimens for all universities showed similar results to those at
KU. The average test/prediction ratios for ACI 318-05 and ACI 408R-03 are 0.87
and 0.98, respectively, indicating that while both equations overestimate the splice
strength, ACI408R-03 is significantly more accurate. ACI 408R-03 also exhibits less
scatter, as can be seen in Figure 3.5. The coefficients of variation for ACI 318-05 and
ACI 408R-03 are, respectively, 0.20 and 0.11.

Since ACI 318-05 significantly overestimates splice strength and exhibits
considerable scatter, it should not be used for the design of unconfined splices.
Currently, 25 of the 31 specimens, or 81% have a test/prediction ratio lower than 1.0.
A modification factor that reduces the number of tests with test/prediction ratios less
than 1.0 to an acceptable number should be used if the equation is to be used in

design. ACI 408R-03 has a test/prediction ratio much closer to unity, as well as less
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scatter, but will also require a modification factor to be used safely for the design of

unconfined splices.
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Figure 3.5 - Test/prediction ratios for unconfined specimens, all schools
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Table 3.5 - Measured stresses and test/prediction ratios for unconfined
specimens, all schools

Test ACI 318-05 ACI 408R-03
. Test/ Test/
Specimen Stress Stress Prediction Stress Prediction
(ksi) (ksi) (ksi)
University of Kansas
5-5-0C0-3/4 77 105 0.73 80 0.96
5-5-XC0-3/4 82 122 0.68 91 0.91
5-5-0C0-2dy, 87 78 1.12 77 1.12
5-5-XC0-2d, 91 94 0.97 90 1.01
8-5-0C0-1.5 78 84 0.93 77 1.01
8-5-XC0-1.5 90 120 0.75 99 0.90
8-8-0C0-2.5 79 84 0.95 78 1.02
8-8-XC0-2.5 91 107 0.85 96 0.95
11-8-OCO0-2 68 95 0.72 79 0.86
11-8-XC0-2 79 130 0.61 99 0.80
University of Texas
8-8-0C0-1.5 80 92 0.87 82 0.98
8-8-XC0-1.5 86 127 0.68 100 0.86
8-5-0C0-1.5 74 86 0.86 81 0.91
8-5-XC0-1.5 82 113 0.73 98 0.84
11-5-0C0-3 75 82 091 77 0.97
11-5-XC0-3 84 114 0.74 98 0.86
5-5-0C0-3/4 80 108 0.74 81 0.99
5-5-XC0-3/4 91 144 0.63 101 0.90
5-5-0C0-2d, 38 87 1.01 79 1.11
5-5-XC0-2d, 110 120 0.92 101 1.09
5-5-0C0-3d, 97 75 1.29 86 1.13
5-5-XC0-3d, 120 101 1.19 107 1.12
8-5-SC0-1.5 72 75 0.96 72 1.00
North Carolina State University
8-5-0C0-2.5 96 80 1.20 84 1.14
8-5-XC0-2.5 110 104 1.06 103 1.07
8-8-0C0-1.5 91 98 0.93 81 1.12
8-8-XC0-1.5 109 145 0.75 107 1.02
11-5-0C0-2 74 92 0.80 82 0.90
11-5-XC0-2 72 105 0.69 95 0.76
11-8-OC0-3 78 79 0.99 75 1.04
11-8-XC0-3 96 123 0.78 101 0.95
0.87 Average 0.98
0.18 Std. Dev. 0.11
0.20 Coef. Var. 0.11
1.29 Maximum 1.14
0.61 Minimum 0.76
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3.5.2 Confined specimens

Thirty-three specimens with two levels of confinement are presented here.
The confinement levels increase the unconfined splice strength, by 20 ksi for
confinement level 1, and by 40 ksi for confinement level 2, as discussed in Section

2.2.3.

University of Kansas Specimens

The University of Kansas tested 12 specimens with splices confined by
transverse reinforcement. The comparisons in Table 3.5 show that, on average, ACI
318-05 and ACI 408R-03 provide average test/prediction ratios of 1.01 and 1.02,
respectively. Although the test/prediction ratios are both extremely close to 1.00,
ACI 318-05 exhibits significantly more scatter, with a coefficient of variation of 0.19,

compared with 0.10 for ACI 408R-03.

Table 3.6 - Comparison of tested and predicted bar stresses at failure for
confined KU specimens

Test ACI 318-05 ACI 408R-03
Specimen Stress Stress TefSt/, Stress TefSt/.
Prediction Prediction
(ksi) (ksi) (ksi)

8-5-0C1-1.5 124 108 1.15 99 1.24
8-5-XC1-1.5 129 142 0.90 118 1.09
8-5-0C2-1.5 127 122 1.04 127 1.00
8-5-XC2-1.5 143 149 0.96 136 1.06
8-8-0C1-2.5 89 79 1.12 89 0.99
8-8-XC1-2.5 111 106 1.05 111 1.00
8-8-0C2-2.5 115 80 1.43 101 1.14
8-8-XC2-2.5 117 112 1.05 129 0.91
11-8-OC1-2 95 106 0.90 95 1.01
11-8-XC1-2 107 161 0.66 126 0.85
11-8-0C2-2 124 128 0.97 122 1.01
11-8-XC2-2 137 164 0.84 141 0.98

1.01 Average 1.02

0.19 Std. Dev. 0.10

0.19 Coef. Var. 0.10

1.43 Maximum 1.24

0.66 Minimum 0.85
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All Confined Specimens

Thirty-three specimens at KU, UT, and NCSU had splices confined by
transverse reinforcement. The comparisons for confined splices are shown in Figure
3.6 and Table 3.7. In this case, the average test/prediction ratios for ACI 318-05 and
ACI 408R-03 are, respectively, 1.10 and 1.06. As observed for unconfined splices,
the comparisons for confined splices in Table 3.7 show that the design equation in
ACI 318-05 results in a higher standard deviation and range of test/prediction ratios
than does the equation in ACI 408R. The respective coefficients of variation are 0.21
and 0.10 for ACI 318-05 and ACI 408R-03.

Average test/prediction ratios just greater than 1.0 indicate that both equations
slightly underestimate the splice strength. Comparisons for ACI 318-05 using the
database in ACI 408R-03 have a higher test/prediction ratio, 1.26, for the more than
250 specimens confined by transverse reinforcement, and a coefficient of variation of
0.24.

The expression from ACI 408R-03 is intended for analysis purposes, such that
a test/prediction ratio close to 1.0 represents a good match with the test results. The
test/prediction ratio and coefficient of variation of the MMFX Grade 100 reinforcing
steel were 1.06 and 0.10, respectively. Comparisons for the confined specimens in
the ACI 408R-03 database produce an average test/prediction ratio of 1.00 and a
coefficient of variation 0.12. Comparisons by Zuo and Darwin (1998), using an
equation close to Eq. (1.1), showed that the test/prediction ratio averaged 1.00 for all
confined specimens but averaged 1.10 for specimens in which the longitudinal steel
yielded prior to bond failure. Zuo and Darwin (1998) speculated that the higher bond
strength for the bars that yielded was due to increased slip along the splice length
resulting in the mobilization of more transverse reinforcement. This may also be the

case for MMFX steel with its highly nonlinear stress-strain curve.
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Figure 3.6 - Test/Prediction ratios for confined specimens, all schools
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Table 3.7 - Measured stresses and test/prediction ratios for confined specimens,
all schools

Test ACI 318-05 ACI 408R-03
. Test/ Test/
Specimen Stress Stress Prediction Stress Prediction
(ksi) (ksi) (ksi)
University of Kansas
8-5-0C1-1.5 124 108 1.15 99 1.24
8-5-XC1-1.5 129 142 0.90 118 1.09
8-5-0C2-1.5 127 122 1.04 127 1.00
8-5-XC2-1.5 143 149 0.96 136 1.06
8-8-0C1-2.5 89 79 1.12 89 0.99
8-8-XC1-2.5 111 106 1.05 111 1.00
8-8-0C2-2.5 115 80 1.43 101 1.14
8-8-XC2-2.5 117 112 1.05 129 0.91
11-8-0C1-2 95 106 0.90 95 1.01
11-8-XC1-2 107 161 0.66 126 0.85
11-8-0C2-2 124 128 0.97 122 1.01
11-8-XC2-2 137 164 0.84 141 0.98
University of Texas
8-8-0OC1-1.5 123 120 1.03 104 1.18
8-8-XC1-1.5 122 155 0.79 121 1.01
8-8-0C2-1.5 147 121 1.21 126 1.17
8-8-XC2-1.5 144 159 0.91 142 1.01
8-5-0C2-1.5 141 111 1.27 126 1.12
8-5-XC2-1.5 148 142 1.04 142 1.04
11-5-0C1-3 104 84 1.24 97 1.07
11-5-XC1-3 117 116 1.01 118 0.99
11-5-0C2-3 128 84 1.52 112 1.14
11-5-XC2-3 141 116 1.22 139 1.01
8-5-5C1-1.5 99 95 1.04 88 1.13
8-5-SC2-1.5 129 96 1.34 104 1.24
North Carolina State University
8-5-0C1-2.5 140 80 1.75 104 1.35
8-8-0OC1-1.5 151 122 1.24 124 1.22
8-8-XC1-1.5 152 182 0.84 155 0.98
11-5-0OC1-2 132 119 1.11 122.0 1.08
11-5-0C2-2 151 119 1.27 148.0 1.02
11-5-XC1-2 127 137 0.93 130.0 0.98
11-5-XC2-2 155 137 1.13 165.0 0.94
11-8-0C1-3 116 79 1.47 103.0 1.13
11-8-XC1-3 128 123 1.04 141.0 0.91
1.10 Average 1.06
0.23 Std. Dev. 0.11
0.21 Coef. Var. 0.10
1.75 Maximum 1.35
0.66 Minimum 0.85
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3.6 Comparisons with Development Length Equations based on Confinement

Term
The equations for bond strength for bars confined by transverse reinforcement
limit the confining reinforcement terms in the equations to distinguish the point where

increased confinement results in a change from a splitting to a pullout failure. For

ACI 318-05 [Eq. (1.2)] the term (c”;—K”J is limited to 2.5. For ACI 408R-03 [Eq.
b

(1.1)], the term [%K”j is limited to 4.0. At this point, the effect of additional
b

confinement provided by either increased concrete cover or increased confining
transverse reinforcement is assumed to result in no increase in bond strength. In
design, confinement terms greater than 2.5 [Eq. (1.2)] or 4.0 [Eq. (1.1)] are reduced to
2.5 and 4.0, respectively. For analysis purposes, specimens with confinement terms

greater than 2.5 [Eq. (1.2)] or 4.0 [Eq. (1.1)] are typically disregarded.

Table 3.8 - Effect of changing the confinement limit for ACI 318-05

ik ACI 318-05
Upper limit on [Lh 7 ”] Number of Maximum| Minimum| Average Standard | Coefficient | Percent with
! Tests xim " verag Deviation | of Variation| T/P <1.0
2.50 33 1.75 0.66 1.10 0.23 0.21 30%
2.75 33 1.59 0.66 1.02 0.19 0.19 48%
3.00 33 1.46 0.66 0.97 0.16 0.17 58%
None 33 1.09 0.66 0.89 0.11 0.12 79%
c, + K, >2.5 o
[7(10 ] disregarded 7 1.04 0.66 0.88 0.13 0.15 71%

Twenty-six of thirty-three specimens had confinement terms in ACI 318-05
[Eq. (1.2)] greater than 2.5, with a maximum of 5.0. As shown in Table 3.8,
increasing the upper limit of the confinement term reduces the test/prediction ratio
and the coefficient of variation. Changing the confinement limit from 2.5 to 2.75

reduces the test/prediction ratio from 1.10 to 1.02, and the coefficient of variation
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from 0.21 to 0.19. Eliminating the confinement limit changes the average
test/prediction ratio from 1.10 to 0.89, and reduces the coefficient of variation from
0.21 to 0.12. Increasing the confinement limit also has the effect of increasing the
number of specimens with test/prediction ratios less than 1.0.

Discarding specimens with confinement terms in ACI 318-05 greater then 2.5
reduced the number of test specimens in the sample from 33 to 7 and reduced the

test/prediction ratio from 1.10 to 0.88. The coefficient of variation decreased as well,

changing from 0.21 to 0.15.

Table 3.9 - Effect of changing the confinement limit for ACI 408R-03

ACI 408R-03
Upper limit on [L;K”] Number of Maximum| Minimum| Average Standard | Coefficient [ Percent with
' Tests i Y verag Deviation | of Variation] T/P <1.0

4.0 33 1.35 0.85 1.058 0.108 0.102 27%
4.5 33 1.24 0.85 1.044 0.102 0.098 30%
5.0 33 1.24 0.85 1.039 0.100 0.096 30%
none 33 1.24 0.85 1.038 0.099 0.095 30%

(ke > 40 26 124 | 085 1.051 0.096 0.091 27%

d, disregarded

Seven specimens had confinement terms in Eq. (1.1) (ACI 408R-03) greater
than 4.0. Of these, only one was greater than 5.0. As shown in Table 3.9, increasing
the upper limit on the confinement term has the effect of reducing both the
test/prediction ratio and coefficient of variation, as it did for Eq. (1.2). For
confinement limits of 4.5 and 5.0, the test/prediction ratios dropped from 1.058 (for a
limit of 4.0) to 1.044 and 1.039, respectively. The coefficients of variation also
decreased, from 0.102 (for 4.0) to 0.098 and 0.096 for limits of 4.5 and 5.0.

Discarding specimens with confinement terms in ACI 408R-03 greater then
4.0 reduced the number of test specimens in the sample from 33 to 26 and brought the

test/prediction ratios closer to 1.0, reducing the test/prediction ratio from 1.06 to 1.05.

The coefficient of variation decreased as well, changing from 0.10 to 0.09.
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Increasing the limit on the confinement term in each equation reduces the
test/prediction ratio by more adequately accounting for the effects of the confining
transverse reinforcement. The confining reinforcement term has more effect on Eq.
(1.2) than Eq. (1.1). Increasing the confinement limit to 5.0 for Eq. (1.1) reduces the
average test/prediction ratio by 1.8%, and increasing the confinement limit for Eq.
(1.2) by 0.5 reduces the average test/prediction ratio by 12%.

It should be noted that the current comparisons apply only to the tests in this
study, while the limits applied in Eq. (1.1) and (1.2) were developed for bars that

were developed or spliced at lower stresses.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

4.1 Summary

The bond strength of MMFX Grade 100 reinforcing steel is evaluated with
respect to equations in ACI 408R-03 and ACI 318-05 for the estimation of bond
strength and bond design, respectively, for conventional reinforcing steel. MMFX
Grade 100 reinforcing steel has a nominal yield strength of 100 ksi, whereas the
reinforcing steel used to calibrate the equations in ACI 408R-03 and ACI 318-05 had
nominal yield strengths ranging from 40 to 75 ksi.

The study consisted of 69 full scale beam-splice specimens tested in four-
point bending, placing the splice within a constant moment region. Of these, 64
failed in bond and are included in this report. Ten specimens were cast as slabs with
four splices without confining transverse reinforcement, 21 were conventional beam-
splice specimens with two splices without confining transverse reinforcement, and the
remaining 33 had two splices with confining transverse reinforcement. The
University of Kansas tested 22 specimens, the University of Texas, 25 (all of which
failed in bond) and North Carolina State University, 22 (of which 17 failed in bond).

Factors affecting bond that were included in this study were splice length,
amount of confinement, bar spacing, bar size, concrete cover, and concrete
compressive strength. Splice length ranged from 15 in. to 91 in. for specimens
without confining transverse reinforcement, and from 27 in. to 91 in. for specimens
with confining transverse reinforcement. Bar spacing was typically at least twice the
concrete clear cover. Bar sizes studied were No. 5, No. 8, and No. 11. Beams were
tested at two concrete compressive strengths, 5000 and 8000 psi. Specimens with
splices not confined by transverse reinforcement had maximum bar stresses at failure
ranging from 68 to 120 ksi. Specimens with splices confined by transverse

reinforcement had maximum bar stresses at failure ranging from 89 to 155 ksi.
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Test specimens were divided into unconfined and confined specimens,

without and with confining transverse reinforcement, respectively, for the purposes of

analysis. For the unconfined specimens, the average test/prediction ratios when

compared to ACI 408R-03 and ACI 318-05 were 0.98 and 0.87, with coefficients of

variation of 0.20 and 0.11, respectively. For the confined specimens, the respective

average test/prediction ratios were 1.06 and 1.10, with coefficients of variation of

0.10 and 0.21.

4.2 Observations and Conclusions

The following observations and conclusions are based on the test results

presented in this report.

1.

Lap splices using MMFX Grade 100 reinforcing steel developed stresses
between 68 and 155 ksi.

The use of confining transverse reinforcement increases splice strength and
deformation capacity.

The development length equation found in ACI 318-05 is not suitable for use
in design of unconfined or confined splices without the addition of a
modification factor.

The development length equation found in ACI 408R-03 is suitable for
analysis for both unconfined and confined splices using MMFX Grade 100
reinforcing steel.

The development length equation in ACI 408R-03 exhibited significantly less
scatter than that in ACI 318-05.

Increasing the limit on the confinement term for both ACI 318-05 and ACI

408R-03 increased the accuracy and decreased the scatter for both equations.
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4.3 Recommendations for Future Study

1.

Further testing should be conducted using strain gages to study the effects of
bars slip on spliced Grade 100 reinforcing steel. Strain gage data was only
available for 6 of the 22 tests conducted at KU.

The effects of changing the confinement limit should be studied with beam-
splice specimens utilizing Grades 60 and 75 steel to determine if the same
observation that increasing the confinement limit decreases the test/prediction

ratio holds true for all steel.
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APPENDIX A
MATERIAL PROPERTIES

Table 6.1 - Nominal Concrete Mix Designs

Material Designation - Mix - Unit
5 ksi 8 ksi
Cement Ashgrove Type I/II; ASTM C 150 564 756 b
Fine Aggregate, SSD Kansas River Sand; ASTM C 33/KDOT S-1 1377 1415 1b
Coarse Aggregate, SSD 3/4 in. Crushed Limestone; KDOT LS-3 1823 1635 Ib
Water KDOT Potable 247 242 b
Water Reducer W.R. Grace Adval00; ASTM C 494 Type F 0-18 0 0z.
W.R. Grace AdvaFlex; ASTM C 494 Type F 0 75 0Z.
W/C Ratio 0.46 0.32 -
Target Slump 3 5 in.
Compressive Strength 4,670 - 6,050 7,790 - 9,910 psi
Target Age 10 7 days
Actual Age 6-42 4-7 days
*Batch weights reported per CY
Table 6.2 - Aggregate Properties
Material Bulk Specific Gravity Fineness . . Absorption
t ht
OD SSD Modulus Unit Weig OD
3/4 in. Crushed Limestone 0
KDOT LS-3 2.48 2.57 - 99 pcf 3.3%
Kansas River Sand; 0
KDOT S-1 2.60 2.62 2.65 - 0.6%
Table 6.3 - HRWRA Properties
Material Specific Percent
Gravity Solids
W.R. Grace Adva 100
1.1 30-34%
ASTM C 494 Type F
W.R. Grace AdvaFlex
1.0 28-32%
ASTM C 494 Type F

Table 6.4 - MMFX Grade 100 Reinforcement Deformation Properties

Bar Size | Average Rib | Average Rib | Relative Rib
(No.) Height (in.) | Spacing (in.) Area
5.00 0.0386 0.415 0.0767
8.00 0.0644 0.680 0.0838
11.00 0.0738 0.834 0.0797
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APPENDIX B
TEST RESULT DETAILS
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B.1 Series 1

Both beams in Series 1 contained four No. 5 Grade 100 MMFX longitudinal
tension bars. The beams contained a lap splice of length 32 in. (1A) or 43 in. (1B)
centered at the midspan of the beam. The total span for Series 1 beams was 15 ft,
with an internal span of 7 ft between supports. Series 1 beams were designed with
four No. 5 Grade 60 bars as compression reinforcement. Both specimens contained
14 No. 4 closed stirrups spaced at 4 in. in the shear regions beyond the supports.
Both specimens had unconfined splices.

The beams in this series were cast with a total depth of 21 in. in the shear
regions on either end of the beam and a depth of 20 in. in the central region. The
additional depth was added to provide adequate cover around the stirrups which, as
designed, had % in. or less clear cover to the tension face. The design cover of % in.
was maintained in the test region between supports by placing a 6-ft long, 1-in. thick
insert centered at the middle of the beam. The bottom cover was 1 % in. on the
longitudinal steel and 1 Y4 in. on the stirrups in the end regions.

The ends of the insert were tapered at a 45° angle to minimize the effect of the
stress concentration, although during testing flexural cracks did form at the notch
before forming at other sites. The 6-ft length allowed the reduced section to be
placed completely between the pin and roller support. In effect, the beams were cast
as “dog-bone” sections, with the reduced section covering nearly the entire constant-
moment region.

The major impacts of the increased section height in the end spans were a
higher precracked section stiffness, the notch’s localizing effect on the initial flexural
crack location away from a point directly over the support, and better anchorage for
the longitudinal and shear reinforcement in the end spans due to increased cover.
Figure B.1, below, shows specimen 5-5-XC0-3/4, with its reduced section.

Cover was maintained within the splice region by suspending the spliced bars
from a No. 4 cross bar, placed above the splices, which was then tied to standard 2-in.

reinforcing bar chairs protruding up through the splices. Deformations were ground
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down on the cross bar to reduce its bond to the surrounding concrete and limit any
influence it may have had on splitting crack development. The cross bar was cut to
prevent any overhang beyond the outermost bar in the exterior splices. Three chairs

were used per cross bar, one between each splice.

Figure B.1 - Specimen 5-5-XC0-3/4 with the reduced “dog-bone” section

The load-deflection behavior of the two beams in Series 1 is shown in Figure

B.2, and is quite similar, despite the differences in splice length.

B.1.1 Group 1A
5-5-OCO0-3/4

Specimen 5-5-OC0-3/4 failed due to the formation of splitting cracks in the
splice region at a bar stress of 77.0 ksi, or 97% of the value predicted by ACI 408R.
A photograph of the specimen following the completion of the test is shown in Figure

B.3.
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Total Load (Kkips).

70 1
60
50 A OCO—(S:32 mn.
40 - f. = 5490 psi
30 | =77 ksi
XCO0- /=43 m.
20 A
f.=4 i
10 1, 670 psi
f; =82 ksi
O T T T T
0.0 0.2 0.4 0.6 0.8
Total Deflection (in.)

- = =5.5.0C0-3/4 = 5-5-XC0-3/4

Figure B.2 - Load-deflection behavior of Series 1 beams
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Figure B.3 - Beam 5-5-OC0-3/4 at the conclusion of the test

B.1.2 Group 1B
5-5-XC0-3/4

Specimen 5-5-XC0-3/4 failed due to the formation of splitting cracks in the
splice region at a bar stress of 82.2 ksi, or 91% of the value predicted by ACI 408R.

A photograph of the specimen following the completion of the test is shown in Figure

B.4.
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Figure B.4 - Beam 5-5-XC0-3/4 at the conclusion of the test

B.2 Series 2

Both beams in Series 2 contained four No. 5 Grade 100 MMFX longitudinal
tension bars. Each bar was spliced with a lap length of 18 in. (2A) or 25 in. (2B)
centered at the midspan of the beam. The total span for Series 2 beams was 15 ft,
with an internal span of 7 ft between supports. Series 2 beams were designed without
compression reinforcement, but contained four No. 4 Grade 60 bars to support the
upper corners of the shear reinforcement. Both specimens contained fourteen rows of
two No. 4 closed stirrups spaced at 4 in. in each shear region beyond the support, or
28 per end region. Both specimens had unconfined splices.

Series 2 beams were constructed using two separate reinforcement cages in
each beam, with each consisting of two tension bars, and two compression bars with

their own closed stirrups. This was done to provide shear reinforcement across the
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entire width of the beam, rather than just at the exterior edges. The two cages were
tied together using eight No. 4 bars per specimen.

Because of the 35 in. width of the specimens in Series 2, blockouts were used
to reduce the width at the ends of the beam to accommodate the load rods, which
were spaced 36 in. apart transversely. 9-in. long by 10-in. tall by 1%-in. deep
blockouts were used, reducing the section width to 32 in. at both beam ends over the
full height of the specimen. Specimen 5-5-XCO0-2d, used a further 45° transition for
the blockout to make the end angled, giving it a total length of 10 2 in., with 1 % in.
of transition to the full width.

No chairs or other supports were placed within the splice region for either
specimen in Series 2, given the very short splice length. Standard chairs were placed
about 4 inches immediately outside of the splice region on both ends of each splice.

The load-deflection curves for the two beams in Series 2 are plotted in Figure

B.5.
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Figure B.5 - Load-deflection behavior of Series 2 beams
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During testing on both specimens for Series 2, two distinct “pops” were
audibly noted late into the loading, accompanied by small drops in load on the beam.
It is believed that these were the exterior splices breaking, although no video or other
suitable method exists to verify this. Given that the majority of the load was still
being supported, however, loading was continued, and the reported breaking strengths
are for the final peak loads on the beam, rather than potential individual splice
strengths.

This phenomenon of exterior splices failing prior to failure of the entire
specimen was also observed in the tests performed at UT on unconfined No. 5 bar
beam-splice specimens, for which Series 1 and Series 2 beams are duplicates. Those

conclusions are supported by strain gage data obtained by UT (Glass 2007).

B.2.1 Group 2A
5-5-OCO0-2dp

Specimen 5-5-OC0-2d,, failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 86.9 ksi, or 113% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.6.
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Figure B.6 - Beam 5-5-OCO0-2d;, at the conclusion of the test, as viewed from
above

B.2.2 Group 2B
5-5-XC0-2d,

Specimen 5-5-XCO0-2d,, failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 91.2 ksi, or 102% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.7.
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Figure B.7 - Beam 5-5-XCO0-2dy, at the conclusion of the test

B.3 Series 3

The beams in Series 3 contained two No. 8 Grade 100 MMFX longitudinal
tension bars. The beams contained lap splices with of lengths of 47 in. (4A) or 63 in.
(4B) centered at the midspan of the beam. The total span for Series 3 beams was 21
ft, with an internal span of 10 ft between supports. Series 3 beams were designed
without compression reinforcement, but contained two No. 4 Grade 60 bars to support
the upper corners of the shear reinforcement. Specimen 8-5-XC2-1.5 was an
exception because it was cast as a T-beam, as will be described below. All specimens
contained 16 No. 4 closed stirrups spaced at 4.5 in. in each shear region beyond the
support. The CO specimens had unconfined splices, while the C1 and C2 specimens

contained four and eight No. 4 closed stirrups within the splice region, respectively.
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B.3.1 Group 3A

All beams in Group 3A had a splice length of 47 in. The load-deflection

behavior is shown in Figure B.8.
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Figure B.8 - Load-deflection behavior of Group 3A beams
8-5-OC0-1.5

Specimen 8-5-OCO0-1.5 failed due to the formation of bond splitting cracks in

the splice region at a bar stress of 78.1 ksi, or 102% of the value predicted by ACI

408R.

A photograph of the specimen following the completion of the test is shown in

Figure B.9.
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Figure B.9 - Beam 8-5-OCO0-1.5 at the conclusion of the test

8-5-0OC1-1.5
Specimen 8-5-0C1-1.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 123.5 ksi, or 122 % of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.10.
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Figure B.10 - Beam 8-5-OC1-1.5 at the conclusion of the test

8-5-0C2-1.5
Specimen 8-5-0C2-1.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 127.3 ksi, or 99% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.11.
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Figure B.11 - Beam 8-5-OC2-1.5 at the conclusion of the test

B.3.2 Group 3B
All beams in Group 3B had a splice length of 63 in. Specimen 8-5-XC2-1.5

was cast as a T-beam with a 28-in. wide, 7-in. deep flange. Specimen 8-5-XC2-1.5
also contained significantly more compression steel than the other beams in the
group, 3.16 in.? compared to the 0.40 in.”. As expected, the load-deflection behavior
was somewhat stiffer than that of the other two specimens in this group, as shown

below in Figure B.12.
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Figure B.12 - Load-deflection behavior of Group 3B beams

8-5-XC0-1.5

Specimen 8-5-XCO0-1.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 90.0 ksi, or 91% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.13.
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Figure B.13 - Beam 8-5-XCO0-1.5 at the conclusion of the test

8-5-XC1-1.5
Specimen 8-5-XC1-1.5 failed due to the formation of bond splitting cracks in

the splice region at a bar stress of 128.7 ksi, or 108% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.14.
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Figure B.14 - Beam 8-5-XC1-1.5 at the conclusion of the test

8-5-XC2-1.5

Specimen 8-5-XC2-1.5 failed by splitting in the splice region at a bar stress of
143.0 ksi, or 105% of the value predicted by ACI 408R. Only one splice appeared to
have spalled the concrete, but upon failure of this splice, the beam lost approximately
half the load it was carrying. It was later apparent that wooden blocks placed beneath
the ends of the beam to prevent the ends from falling to the floor after failure were
stacked high enough to prevent the second splice from failing. The test was
discontinued at this point. A photograph of the specimen following the completion of

the test is shown in Figure B.15.
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Figure B.15 - Beam 8-5-XC1-1.5 at the conclusion of the test

In addition to being cast as a T-beam, specimen 8-5-XC2-1.5 differed from
other beams in this program in that it contained U-stirrups with seismic hooks in the
shear regions outside of the supports rather than the closed stirrups used in all other
beams. U-stirrups were chosen to conserve material given that specimen 8-5-XC2-
1.5 was a duplicate of a previously cast beam that failed in flexure. Closed stirrups
were used, as normal, in the splice region for confinement.

The U-stirrups were closed with opposing U-stirrups that extended into the
flanges to support two of the four No. 8§ Grade 60 bars used as compression
reinforcement. The other two No. 8 bars were placed within the hooks on the primary
U-stirrups that confined the longitudinal steel in the ends. Two No. 3 bars were cast
into specimen 8-5-XC2-1.5 at a depth of 5 % in. from the top of the flange to anchor
the hooks of the upper U-stirrups, but were not considered in the analysis of the beam

for either tension or compression.
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B.4 Series 4

All beams in Series 4 contained two No. 8 Grade 100 MMFX longitudinal
tension bars. The beams had a lap splice of length 27 in. (4A) or 36 in. (4B) centered
at the midspan of the beam. The total span for Series 5 beams was 21 ft with an
internal span of 10 ft between supports. Series 4 beams contained two No. 8 Grade
60 bars as compression reinforcement. All specimens contained 15 closed stirrups
spaced at 5 in. in each shear region beyond the support. CO specimens had
unconfined splices, while C1 and C2 specimens contained 2 and 5 No. 4 closed

stirrups, respectively.

B.4.1 Group 4A
All beams in Group 4A had a splice length of 27 in. The load-deflection

behavior is shown in Figure B.16
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Figure B.16 - Load-deflection behavior of Group 4A beams
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8-8-0C0-2.5

Specimen 8-8-OCO0-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 79.5 ksi, or 103% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.17.

Figure B.17 - Beam 8-8-OCO0-2.5 at the conclusion of the test

8-8-0C1-2.5

Specimen 8-8-OC1-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 88.7 ksi, or 96% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.18.
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Figure B.18 - Beam 8-8-OC1-2.5 at the conclusion of the test

8-8-0OC2-2.5
Specimen 8-8-OC2-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 115.0 ksi, or 101% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.19.
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Figure B.19 - Beam 8-8-OC2-2.5 at the conclusion of the test

B.4.2 Group 4B
All beams in Group 4B had a splice length of 36 in. The load-deflection

behavior is shown in Figure B.20.

84



100

90 -
- 80 I .
g 70 - . All-  /,=361n.
X 60 - XCO - ', = 7990 psi
c‘g 50 - f,=91 ksi
:—'5 40 - XCl1 - fc =7790 pSl
"5 30 B fS = 111 kSl
PO XC2 - ', = 8660 psi
10 f; =117 ksi
O 1 I I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Total Deflection (in.)
= = 8-8-X(C0-2.5 ===8-8-XC1-2.5 —8-8-X(C2-2.5
Figure B.20 - Load-deflection behavior of Group 4B beams
8-8-XC0-2.5

Specimen 8-8-XCO0-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 91.1 ksi, or 95% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.21.
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Figure B.21 - Beam 8-8-XC0-2.5 at the conclusion of the test

8-8-XC1-2.5
Specimen 8-8-XC1-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 111.0 ksi, or 98% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.22.
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Figure B.22 - Beam 8-8-XC1-2.5 at the conclusion of the test

8-8-XC2-2.5

Specimen 8-8-XC2-2.5 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 117.4 ksi, or 85% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.23.
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Figure B.23 - Beam 8-8-XC2-2.5 at the conclusion of the test

Specimen 8-8-XC2-2.5 was the sole specimen with a nominal target bar stress
of 140 ksi that was not cast as a T-beam. Due to the first duplicate of specimen 8-5-
XC2-1.5 experiencing a flexural failure at a bar stress near 140 ksi after the casting of
this specimen, external stirrups were used in an attempt to confine the concrete at the
highest moment regions away from the test region. Each external stirrup consisted of
one C6x8.2 channel on both the top and bottom of the beam connected with Y2-in. all-
thread rod on each side of the beam. Four stirrups were used sequentially on each
side of the splice region beginning at the edge of the bearing plate for the support and
terminating roughly 10 in. from the end of the splice region. The bearing faces of the
channels were attached with Hydrostone to the beam. A photograph showing these
stirrups is shown in Figure B.24. The weight of the external stirrups was not included

in the applied loads for moment calculation.
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Figure B.24 - External stirrups used on beam 8-8-XC2-2.5

B.5 Series 5

All beams in Series 5 contained two No. 11 Grade 100 MMFX longitudinal
tension bars. The beams had a lap splice of length 58 in. (5A) or 79 in. (5B) centered
at the midspan of the beam. The total span for Series 5 beams was 24 ft with an
internal span of 11 ft between supports. Series 5 beams were designed without
compression reinforcement, but contained two No. 4 Grade 60 bars to support the
upper corners of the shear reinforcement. Specimen 11-8-XC2-2, a T-beam, is an
exception, as described below. All specimens contained 19 No. 5 closed stirrups
spaced at 4.5 in. in each shear region beyond the support. The CO specimens had
unconfined splices, while the C1 and C2 specimens contained four and nine No. 4

closed stirrups, respectively.
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B.5.1 Group 5A
All beams in Group 5A had a splice length of 58 in. The load-deflection

behavior is shown below in Figure B.25
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Figure B.25 - Load-deflection behavior of Group 5A beams
11-8-0OC0-2

Specimen 11-8-OC0-2 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 67.9 ksi, or 86% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.26.
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Figure B.26 - Beam 11-8-OCO0-2 at the conclusion of the test

11-8-0OC1-2
Specimen 11-8-OC1-2 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 95.5 ksi, or 99% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.27.
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Figure B.27 - Beam 11-8-OC1-2 at the conclusion of the test, as viewed from
above

11-8-0OC2-2

Specimen 11-8-OC2-2 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 123.5 ksi, or 100% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.28.
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Figure B.28 - Beam 11-8-OC2-2 at the conclusion of the test

Beam 11-8-OC2-2 was loaded to approximately 48 kips total load, at which
point it was noted that the load distribution across the four load rods was uneven
compared to that typically observed during tests. Additionally, at that load step, a
severe and continual reduction in load was noted. As such, although the beam was
well beyond the cracking load, all load was removed from the beam and the hydraulic
system was completely reset and tightened. The beam was then reloaded from zero,

and stable results were obtained for the remainder of the test.

B.5.2 Group 5B
All beams in Group 5B had a splice length of 79 in. Specimen 11-8-XC2-2

was cast as a T-beam with a 38-in. wide, 7-in. deep flange. Specimen 11-8-XC2-2
was also cast with significantly more compression steel, 3.56 in.” compared with the

0.40 in.* found in the other beams in the group. The load-deflection behavior is
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somewhat stiffer for the T-beam compared to the other two specimens in the group,

as shown in Figure B.29.
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Figure B.29 - Load-deflection behavior of Group 5B beams
11-8-XCO0-2

Specimen 11-8-XCO0-2 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 78.9 ksi, or 80% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.30.
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Figure B.30 - Beam 11-8-XCO0-2 at the conclusion of the test
11-8-XC1-2

Specimen 11-8-XC1-2 failed due to the formation of bond splitting cracks in

the splice region at a bar stress of 106.9 ksi, or 84% of the value predicted by ACI

408R. A photograph of the specimen following the completion of the test is shown in
Figure B.31.
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Figure B.31 - Beam 11-8-XC1-2 at the conclusion of the test

11-8-XC2-2

Specimen 11-8-XC2-2 failed due to the formation of bond splitting cracks in
the splice region at a bar stress of 137.3 ksi, or 97% of the value predicted by ACI
408R. A photograph of the specimen following the completion of the test is shown in
Figure B.32.
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Given the 38-in. flange width of specimen 11-8-XC2-2, blockouts were used

to reduce the flange width at the ends of the beam to accommodate the load rods,
which were spaced 36 in. apart transversely. 9-in. long by 7-in. tall by 4-in. deep
block-outs were used to eliminate a portion of the final nine inches of the flange,

resulting in a final reduced flange width at both ends of approximately 30 in.

97



