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CHAPTER 1
INTRODUCTION

1.1 General

In the gtate of Horida, many bridges have larger volumes of traffic than they were
initidly designed to handle. Due to the greeter traffic demand on these bridges, the
Florida Department of Transportation (FDOT) is adding lanes to some of these bridges.
Currently, to add alane to an existing bridge, a portion of the bridge is removed, bars are
gpliced to the exigting bars, and then the new bridge deck iscast. This method requiresa
large amount of time to remove part of the exigting bridge deck. A possible dternative to
the current method is the use of post-indalled adhesive splices. This method involves
drilling into the side of the existing bridge deck and ingaling reinforcing barsusing a
gructurd adhesve. This method diminates the time and labor required for the partid

removal of the bridge deck Figure 1.1 and Figure 1.2.
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Figure 1.1 — Current method for ingaling splice bars.
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Pouring the new deck
Figure 1.2 — Purposed splicing method for bridge deck addition.

1.2 Purpose and Objectives
The purpose of this study was to investigate the feasihility of using post-ingtdled
adhesive-bonded splices for bridge deck additions. The study included both
congtructability concerns and structura requirements for the splices.
The objectives of this project were to:

Examine the methods used to ingtdl adhesive splices and determine if the methods are

practical for use on ajob ste.
Perform flexurd tests to determine the splice length required to achieve full flexura

grength when using an adhesive-bonded splice.
Perform shear tests to determine the shear strength of adhesive-bonded dowel bars.
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Provide design recommendations for splice lengths for adhesive-bonded reinforcement
in bridge deck additions.,
Provide desgn recommendations for determining the shear strength of

adhesive-bonded dowe barsin bridge decks additions.

1.3 Organization

Chapter Two provides background on devel opment length and splice length equations
including four equations for cagt-in-place reinforcement and two equations for bonded
anchor applications. Chapter Three describes the sSize, materids, and parameters of the
test specimens. Chapter Three also describes the procedures used to cast test specimens,
the methods used to ingtal the adhesive splices, and the test setup for the moment and
shear tests performed on the specimens. Chapter Four presents the results of the testing
program and compares the data to the cast-in-place and bonded anchor equations.
Chapter Five summarizes the results, addresses each of the objectives, and presents

recommendations.



CHAPTER 2
LITERATURE REVIEW

2.1 General

This chapter provides background on development length and splice length equations.
Two equations related to the development and splicing of reinforcing bars and a bonded
anchor equation, are presented. The shear friction equation from ACI 318-99% isaso

presented.

2.2 Definitions of Terms

Embedment Length: Length of the embedded reinforcement provided beyond a critical
section.

Development Length: Length of the embedded reinforcement required to develop the
design tendle strength of the reinforcement at a critica section.

Solice Length: Overlap length of two pieces of reinforcement required to develop the

design tensle strength of the reinforcement.

2.3 Background on Splices and Development Lengths
The uniform bond stress modd is a basic modd that can be used to explain how
embedded bars transfer load to the concrete. Figure 2.1 shows a graphical representation
of the uniform bond stressmodel. The gpplication of equilibrium to the mode shown in
Figure 2.1 yidds Equation (2-1). Equation (2-1) can be used to determine the tenson

force that can be gpplied to abar for a given embedment length and bond strength.

14
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Equation (2-2) represents a smple rearrangement of the termsin Equation (2-1) and

can be usad to determine the embedment Iength required for a given force,

Bond Stress

Bar Tensile Stress
Figure 2.1 — Bond and tensile stresses on a smooth bar with uniform bond stress.

T =3%d*1*6 (1)
or

= L (2_2)

p*d, *t

d

l¢ = embedment length or development length
T = tensile force

dp = diameter of the bar

t = bond stress between bar and concrete

There are two assumptions made for the uniform bond stress modd. Thefirst
assumption isthat the bond stressis uniform (and the tendle sressin the bar is linear)
over the entire length of the bar. The second assumption is the bar does not contain

deformations”.
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Mains’ investigated the first assumption, uniform bond stress with linear tensile stress.
Initial tests used strain gages that were attached to smooth stedl rods to determine the
streses a different locations on the bar. The results showed the bond stress field was
uniform and the tensile stress linear on the stedl rod for embedment depths 12 inches or
less. For longer embedment depths the tensile stress in the bar followed a curved shape
asshown in Figure 2.2. These results indicate that the basic assumption of uniform bond

stress was incorrect for bars embedded into concrete greater than 12 inches,

S . A

‘concrete .

e . ; stedl bar

\4

tengle
force

a A

Figure 2.2 — Tensle gressin abar embedded in concrete

Rehm” investigated the second assumption from the uniform bond stress mode in
studies focused on the use of deformed bars. The deformed bars had ribs that ran dong
the entire length of the bar as shown in Figure 2.3. By using adeformed bar, additiona

complexity was introduced.
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b c
a7 AT |
< DT+T DT > d, o

P4 agAa—t |

Figure 2.3 - Stresses on aribbed bar

There are three different types of stresses shown in Figure 2.3: stress due to the
adhesion along the surface of the bar u,, shear stress from the ribs up, and bearing stress
on theribsf,. Rehm® analyzed one segment of the bar from rib to rib and formulated an
equation for the force DT developed. The equation has been smplified by assuming the
shear stresson the ribs is equa to the shear stress on the surface. Therefore, u, is

replaced with up and the distance ¢ and b are added together.

— % * * *dbz_ dblz*
DT—p dbl (b+C) U, +p T fb (2'3)

DT =incrementa force on the bar

dpy = diameter of the bar, excluding ribs
dpz = diameter of the bar including the rib
fp = bearing stress

Up = shear stresson ribs

Uy = shear stress between ribs

c = gpacing between the ribs

b = width of arib

By multiplying Equation (2- 3) by the total number of segments, the total bar force can be
determined.
As new plice equations were formulated, these new equations were gill inconsstent

in predicting the splice lengths. Due to these inconsstencies, new parameters were
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examined to determine what affected the strength of the splices. The testing reveded that
the following parameters had an effect on the splice length: strength of concrete, edge
effects, and transverse reinforcement. As aresult, the equations for development length
contained new factors to account for these parameters. Depending on the parameter, a
factor was gpplied to increase or decrease the development length. The influences of

each of these parameters are discussed below.

Strength of concrete In order to increase the embedment strength, the concrete needsto
withstand the compressive forces generated at the ribs of the embedded bar. The
concrete must dso withstand the radid tensile forces caused by tensoninthe bar. A bar
loaded in tenson may fail by abreakout failure, asplitting failure, or by the bar yidding.

A breakout failure occurs when there are no edge effect problems and when the concrete
fails before the bars yidlds. A splitting failure occurs near edges when radia cracks form

in the concrete resulting from the bar trying to pull out. A yidding falure occursif the
embedment is sufficient to preclude the previous two falures. Therefore, the higher
strength of the concrete, the greater the transfer of load before an embedment failureis

reached.

Edge effects or the clear cover distance: The clear cover isthe distance from the closest
free edge to the edge of abar. When abar isloaded in tension, it transfers the load to the
concrete and aradial stressfield beginsto develop. Asthe edge distance getssmdler it is

more likely that a splitting fallure resulting from the radia stressfield may develop.
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Transverse reinforcement: Transverse reinforcement istypicaly used for shear srength.
However, the confining ability of the reinforcement aso increases the tensile strength of
the concrete. When a bar has an edge effect condition, as mentioned above, thereisan
associated reduction of strength of the embedment due to splitting failure. By placing
transverse reinforcement in the edge distance problem zones, the resistance to splitting

falure isincreased and therefore reduces the sudden edge failure.

2.4 Development and Splice Length Equations for Cast-1 n-Place Reinfor cement
The following equations are used to predict the development length of abar. Thefirst

equation (EQ (2-4)) is from ACI 318-99%;

3, f, ,a*b*g*l c+K
| =—* L~ *d — T £25 2-4
o [T SR d, =
db

l¢ = development length (in)
fy = rebar yield stress (ps)
f'c = concrete compressive stress (psi)
a = reinforcement location factor

= coating factor
g = reinforcement size factor
I = lightweight aggregate concrete factor
c = clear cover or edge distance (in)
Ky = transverse reinforcement index,
d, = diameter of the rebar (in)
As = areaof the rebar (in)

The ACI 318-992 applies a 1.3 multiplication factor to achieve aClass B splice. A Class
B splice occurs when dl of the splices occur in the same location or not staggered. This
isthetype of spliceused in dl of the test series.

The second equation (EQ (2-5)) is from AASHTO? codes:
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LA,
d _T
fC

l¢ = development length (in)

fy = rebar yield stress (ksi)

f’c = concrete compressive stress (ksi)
As = aeaof the rebar (in?)

(2-9)

The AASHTO?! code applies a 1.7 multiplication factor to convert the development length
to aClass C splice length. Class C occurs when the splice bars are in the same location

or not staggered. Thisisthetype of splice used in al of the test series.

Table 2.1 provides a comparison of the two equations based on a concrete strength of
4000-pg, aged drength of 60-ks, a diameter of bar of 0.625 inches, aclear edge

distance of 2 inches, and no transverse renforcement.

Table 2.1 — Development length and splice length for the two cast-in-place equations

Cast-In-Place Developmert Appropriate splice | Splicelength
Equations length (inches) length factor (inches)

ACI (EQ (2-4)) 14.2 1.30 185
ASSHTO (EQ (25 | 115 1.70 195

2.5 Failure Modes of Adhesive-Bonded Bars

As discussed in Cook et d.3, there are four possible failure modes that may occur
when adhesive-bonded bars are placed in tenson: bond failure of the adhesive to the bar,
bond failure of adhesive to the concrete, concrete splitting, and stedl failure. The bond
failure of the adhesive to the bar or adhesive to the concrete occurs when the bond
grength of the adhesive is not high enough to trandfer the load to the concrete. The

concrete splitting failure typically occurs when the bar is located near afree edge and
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when the radia stresses are large enough to split the concrete. Sted failure occurs only if
the firg three failure modes do not occur and when the load is large enough to reach the
fracture load of the bar.

Based on the results of over 2,900 tests contained in an international database, Cook et
d.* concluded that the uniform bond stress model provided the best fit to the international
database. McVay et a.8, found that the uniform bond stress mode could aso be verified
by non-linear andlytical modds. Asaresult, the uniform bond stress modd has been
accepted as an appropriate model for single bonded anchors. Based on an extensive
testing program involving bonded anchor groups and edge conditions, Lehr and
Eligehauser? have developed amodel that includes factors to account for both group and

edge effects as shown below:

N, = Dhxy 5N, (2-6)

0
where:

A, = projected area at the concrete surface assuming as limited by edges [0 8 d, and other
anchorsif s; (116 d, (see Figure 2.4)

A= scr2 =(16*d,)* projected area of one anchor not effected by edges

Y,=07+0.3* L <10 edge effect factor
C

cr

N, =p*d,*h, *t basc sange anchor strength

dpv = diameter of the bar (in)

c = distance to the nearest edge from the centerline of the anchor (in)
Ce =8%*d, critical edge distance (in)

hg = effective embedment depth (in)

S =16*d, criticad spacing (in)

t = average tensile stress (psi)
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164, 27d,

164, ) 164, ?

3dy,=c¢ 16d, 8d,

1o

Figure 2.4: Projected area of single anchor (Ano) and group of anchors (An)

A mode similar to that proposed by Lehr and Eligehauser?, is presented in the FDOT
Design Guiddines’. Thisisan earlier model that is based on alimited number of tests.
The only differences between the modds are in the definition of critical spacing S (2.0he
rather than 16d,) and a dight difference in the edge effect factor. Since the Lehr and
Eligehauser® model represents amore recent model that is based on substantia tests, it is
used in the evaduation of the test results for this project. Asanote, the FDOT Design
Guiddines are to be revised to reflect the changesin the critica spacing and the edge

effect factor.

2.6 Shear Strength Equations

In addition to determining the moment capacity of the splice, the shear strength of the
splice was also examined. Section 11.7.4.3 of ACI 318-99% presents the shear friction
Equation (2-7). Shear friction occurs when two surfaces, crossed by reinforcement, try to

dip rative to each other. When the concrete attempts to dip, the roughness of the dip
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plane causes the splice bars to be put into tenson providing anormal force across the

shear plane resulting in africtiond resstance. ACI 318 shear friction equation is:
V,=A,*f,*m (2-7)

A = areaof the bar normal to the concrete surface

fy  =yield stress of the bar

m = 1.4 for amonolithic pour
= 1.0 for concrete placed against hardened concrete with surface intentionally
roughened
= 0.6 when placed against hardened concrete not intentionally roughened
= 0.7 when concrete is anchored to as-rolled structura steel by headed studs or by
reinforcing bars

For this project there was no trestment to the formed dab face before the second half was

poured, therefore mwas taken as 0.6.

2.7 Summary of Literature Review

This chapter has presented information on devel opment length and splice length

equations. Two cagt-in-place equations and a bonded anchor equation were presented.



CHAPTER 3
CONSTRUCTION, INSTALLATION, AND TEST PROCEDURE

3.1 General

Chapter 3 discusses the congtruction of the formwork, casting of the concrete,

ingalation of the splice bars, and testing procedure used for this project.

3.2 Specimen Size

The dimensions of the specimens are shown in Figure 3.1 . The length of the
gpecimen was determined by the required splice length in the AASHTO code, plusthe

minimum required development length of the reinforcement on each sde of the splice.

8”
[ —————— 82” " — [_—
~—— 52 — 30" —
.o
0
60” . ‘.'
| cold joint
g |
1 cold joint _/

Figure 3.1 — Dimensons of the test specimens
The 60-inch width was determined from five #5 bars spaced a 12 inches on center. The

8-inch thicknessis a standard bridge deck thickness.

24
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cold joint
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deck \\ new
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N \‘ deck
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above splice
bars
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\
\
!
§ ™—ongitudinal
§
\

Figure 3.2 — Typica reinforcement layout for the specimens

3.3 Specimen Parametersand Variations

There were four series of tests conducted with five specimensin each series. In each
seriesfive blocks were cast, a control specimen, and four specimens with varying
parameters. Table 3.1 shows the specimen’ s designations and the type of test performed
for Test Series 1-3. Table 3.2 shows the specimen’ s designation and type of test

performed for Test Series 4.

Table 3.1 — Test Series 1-3

Test Series 1-3 | Test Parformed | Bar Splice Location Figure
Control Moment none

Specimen A Moment next to existing bars 3.3
Specimen B Moment between exigting bars 34
Specimen C Moment above exigting bars at center of dab 35
Specimen D Shear above exigting bars at center of dab 35

1. Test Series 1, Specimen B only had a4 bar splice. The splice bar located 3" from the edge
of the specimen was included in this specimen.



Table 3.2 — Test Series 4
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Test Series4 | Test Bar Splice Fgure
Performed

Control Moment none

Specimen A Moment 16" embed at 12" spacing, in between existing bars 3.4

Specimen B Moment 16" embed at 8’ spacing, next to existing bars 3.6

Specimen C Moment 12" embed at 12" spacing, in between existing bars 3.4

Specimen D Moment 12" embed at 8’ spacing, next to existing bars 3.6

Parameters were varied for each test series and each specimen. One parameter varied

was the embedment length. The first embedment length for test Series 1 was determined

assuming 4000 ps concrete and #5 Grade 60 rebar. Using the AASHTO equation the

lice length was 19.4 inches. Asaresult, the embedment length for Test Series 1 was 20

inches. The next two Test Series embedment lengths were 15 and 11 inches. Test Series

4 had embedment lengths of 12 and 16 inches as shown in Table 3.2. Table 3.3 provides

asummary of the embedment lengths used for the four test series.

Table 3.3 — Test series embedment length

Another parameter varied was the location of the splice asindicated in Table 3.1 for
Test Series 1-3. For Test Series 4 the new bars were ingalled next to the exigting bars.

Thefina parameter varied was the clear spacing; this change was only conducted in Test

Test Series Embedment Length
Series 1 20inches

Series 2 15 inches

Series 3 11 inches

Series4 16 and 12 inches

Series4. Specimens A and C used a 12" pacing of reinforcement as shown in Figure 3.3
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while Specimens B and D used an 8’ spacing as shown in Figure 3.6. Thisincreased the

distance to afree edge.

O Spliced Bars
® Exigting Bars

60"

le— 0 —]
4
4
b
IS

.--4.L

g

I
4

jfa—— 12" —><— 6":—}

Figure 3.3 — Test Series 1-3, Specimen A reinforcement spacing and depth
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Figure 3.4 — Test Series 1 - 3, Specimen B reinforcement spacing and depth.
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Figure 3.5 — Test Series 1-3, Specimen C and D reinforcement spacing and depth
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Figure 3.6 — Test Series 4, Specimen B and D reinforcement spacing and depth

For Test Series 1, Specimen B had four bars spliced in between each rebar in order to
avoid and edge distance factors. However, since one of the objectivesfor thisresearch
was to determine the possible effects of any edge distance factor, the remaining test series

used five bar splices as shown above in Figure 3.3 through Figure 3.6.

3.4 Reinfor cement

The tensile strength of the reinforcement was varied between Test Series4 and Test
Series 1-3. Table 3.4 showsthe average tested yield stress for the reinforcement for each

of the test series. Each Test Series had 3 #5 bars tested.

Table 3.4 — Actual yield stress of the reinforcement used for each test series
Test series Yidd Stress (kg)

1 45.5

2 52.6
3 52.1
4 67.6
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3.5 Adhesive-Bond Stress Tests

A basdline test was conducted to determine the average bond stress of the adhesive.
The type of adhesve was atwo part adhesive with a self-mixing nozzle. Five 67-ks
rebars were embedded 3.5 inchesinto an 8” thick concrete specimen with a 28-day
concrete compressive strength of 4142-ps. All five bars had an unconfined pull-out test
conducted to determine the failure load of the epoxy. Thetest conssted of gpplying an
tenson force on the anchor until the anchor failed. A bond failure occurred for dl five
gpecimens. The pull-out loads and the average bond stress are shown in

Table 3.5. Equation (3.1) was used to caculate the average bond stress (t ) for the

€poxy.
PU
R o

Py =average pull-out load
he = effective embedment depth

dp, = diameter of thebar

Table 3.5 — Pull-out loads and average bond stress for the epoxy

Badinetests Pull-out load Bond stress
(Ibs) (ps)
Pull-out test 1 11568 1682
Pull-out test 2 12375 1799
Pull-out test 3 13655 1986
Pull-out test 4 13023 1894
Pull-out test 5 13679 1989
Average = 1870
Standard deviation = 131
Cosfficient of variaion = 0.07




3.6 Concrete Types and Strengths

The concrete for Test Series 1-3 was an FDOT Class |1 concrete with aminimum
specified compressive strength of 3,400-ps. The mix included cement, dag, sand, 57
stone, MBRV, MBI80, and water. However, the actua 28-day compressive strength was
much greater asshown in Table 3.6 . For Test Series 4 adifferent concrete mix was used
so that the 28-day compressive strength would be about 4,000-ps. Table 3.6 showsthe
actua concrete compressive strength for each series at 28-days and at the time of testing.
The concrete compressive strength curves can be found in the Appendices A-D for each
series. Tests of the compressive strength of the concrete cylinders were conducted &t 7,
14, 21, and 28 days. Additional compressive strength tests were conducted when each

specimen was tested, Table 3.6 and Table 3.7 .

Table 3.6 — Concrete compressive strength

Pour 1, Test Series 28-day Strength at time
(Representing the old deck) srength (ps) of tests (ps)
1 7501 8310
2 7276 8318
3 6828 8160
4 4063 4142

Table 3.7 — Concrete compressive strength

Pour 2, Test Series 28-day Strength a time
(Representing the new deck) Srength (ps) of tedts (pd)
1 7121 7458

2 6926 7649
3 7160 8127
4 4102 4102
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3.7 General Discussion of Materials

Two unanticipated concerns devel oped in the course of the testing program. For Test
Series 1-3 the actuad concrete strength of the FDOT Class |1 concrete (that has a specified
minimum compressve strength of 3,400-ps) was over 7,000-ps at 28 days and 8,000-ps
a thetime of testing (see Table 3.6 and Table 3.7 ). Although the most commonly
supplied FDOT Class 1 concrete was ordered from the supplier, the current mix designs
provided for FDOT jobs contain sgnificantly more cementitious and/or pozzolan
materias to ensure corrosion protection than that necessary to provide the minimum
specified strength of 3,400 ps. This problem was corrected in Test Series 4 by ordering
concrete mix with an anticipated 28 day strength of 4,000 ps (actud 28 day strength and
at the time of testing was 4,102 ps).

For Test Series 1-3, the design of the test pecimens was based on #5 GR 60
reinforcement. Inadvertently, the supplier furnished #5 GR 40 reinforcement with an
actua yield strength of ~50 ks (see Table 3.5). Thiswas corrected in Test Series 4 that

utilized GR 60 reinforcement with an actud yield strength of 67.6 k.

3.8 Concrete Casting Procedure

The specimens were cast by placing concrete in the forms and vibrating the concrete
until few air bubbles were visible. The concrete was then screeded and troweled to a
smooth finish. Once the concrete set up, burlap was placed over the specimens and kept
damp for seven days. Thirty concrete cylinders were also cast and cured in the same area
asthetest specimens.  After seven days, the burlap, forms, and cylinder molds were

removed. The cylinders and concrete specimens were |eft to cure for 28 days. Following
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the 28 days, the splice dowels were ingtalled and the second portion of the deck was

poured and cured for 28 days using the same procedure.

3.9 Post-Installed Splice Procedure

The splice bars were standard #5 bars ingtaled using a 3/4-inch diameter drill bit that
alowed a 1/8-inch over-sized hole as recommended by the epoxy manufacturer. The
holes were marked on the face of the block and a drilling guide was constructed to help
position and guide the bit. The drilling guide was made of wood and shaped like the
block letter “P’ asshown in Figure 3.7 . Theleg of the letter “P’ was placed on top of
the specimen and the square end was butted up to the face of the specimen. The holesin
the drilling guide were a a 4-inch and 6-inch depth. The drilling guide was Sabilized on
the concrete using 50- pound weights, two on the leg of the drilling apparatus and one on
each sde to prevent movement while drilling. Once the gpparatus wasin place, a

hammer drill was used to drill the holes.

Drilling guide\

_

-

specimen

%

Figure 3.7 —Dirilling guide
After drilling was finished, the holes were cleaned with a bristle brush and then blown

clean with 60-ps compressed air. This procedure of brushing and blowing was repeated

three times for each hole. Once the hole was cleaned, it was taped closed. Once dl the



33

holes on a specimen were cleaned, the tape was removed and the ingtallation of the rebars
occurred.
The epoxy was inserted from the back of the hole to the front. The splice bar was

ingaled by dowly twigting the bar farther in until the embedment length was reached,

seeFgure3.8.

Figure 3.8 — Ingtaled splice bars

The bar was checked to seeif it waslevd, if not, the bar was held in place for afew
minutes until the epoxy set. A sample of the epoxies used was taken at the beginning and
end of this procedure, to ensure the epoxy was properly mixed. All of the samples were
visualy checked to verify aproper mix. A gray color indicated a proper mix of the
epoxy, which was present in al of the samples.

Thetime required for the ingalations for Test Series 1-3 were measured. The three
embedment lengths used were: 20-inch, 15-inch, and 11-inch. The 20-inch ingaletion
was the mogt difficult because of itslength. The time of drilling was gpproximately 17-
19 minutes per hole. A second person was required for the 20-inch inddlation to assist
in drilling the hole straight and keeping the drill level due to the length of the drill bit. In

addition, the drill bit had to be removed twice in order to remove the concrete dust
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accumulating on the drill. Both the 11-inch and 15-inch hole depths were easier to drill
than the 20-inch hole depth. The drilling time was gpproximatdy 7-9 minutes per hole.
At this depth, the drill never had to be removed from the hole. In addition, a second
person was not required to help the person drilling. The cleaning time for each hole was

aoproximately 2 minutes.

3.10 Testing Procedure

There were two types of tests conducted, a moment test and a shear test. Both tests
used a data acquisition device, LVDT's, 100-kip load cell, 120-kip ram, manua hydraulic
pump, and atesting frame.

The testing frame congsted of two W12x50 columns and a doubly symmetric channd,
as the header connecting to both columns. The columns were bolted to the floor giving a
capacity of 100-kips. The ram was attached to the header with the piston pointed to the

ground. Thisbasic set up was the same for both types of tests.

3.11 Flexure Test Setup

The moment test was a two- point test as shown in Figure 3.9 . Thistwo-point test
was used to achieve a constant moment in the splice region asshown in Figure 3.10 . As
shown in Figure 3.11 the setup consisted of using two concrete blocks as a foundation.
Rollers were constructed of *4inch flat stock welded to a 1-inch sted rod. Theserollers
were placed on the foundation blocks 78 inches gpart, with the flat plate on the bottom.
The specimen was then placed on the rollers with the specimen overhanging 2 inches on
each sde. Next, two morerollers were placed on the deck at 22 %4nches from the each

end of the specimen. These rollers were placed with the 1-inch bar on the bottom in
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order to achieve aline load on the specimen. A gtrip of neoprene was placed under each
roller to help smooth out any imperfection on the specimen surface and to reduce any
horizontd friction forces that might develop. Once the rollers were in place, the stedl
loading frame was placed on the rollers. The loading frame conssted of four W14x31
members and a double channe to distribute the load from the ram to the rollers. A load
cell was then centered on the channd and a pivoting plate was used to ensure the load

was transferred correctly, Figure 3.12 .

Lineload

\— Support

/ ________ LVDT locations

\— Support

Figure 3.9 — Two-Point loading for moment test
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Figure 3.10 — Moment diagram for the moment test

Figure 3.11 — Loading apparatus
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Once assembled, the ram was lowered to gpply asmall amount of pressure to hold
everything in place. Next, asmall angle frame was used to hold five LVDT s across the
specimen. The frame rested on the concrete support and extended across the length of the
gpecimen. In the middle of the specimen’s span an angle was attached that crossed the
specimen. The angle had five holes drilled at 12" on center that hddd the LVDT sin

place.

Figure 3.12 Ram and load cell on doubly symmetric channel

3.12 Shear Test Setup

The shear test setup was Smilar to the moment test setup with the difference in the
placement of therollers. Figure 3.13 and
Figure 3.14 show the shear test sat up. Thefirgt roller was placed 22 inches from the
left edge of the specimen. The second roller was placed 52 inches from the firgt roller or
8 inches from the right side of the specimen. The two reactions points were at 8 inches
and a 46 inches from the left Sde. The line load closest to the cold joint was 4 times
greater then the far lineload. Thiswas needed to achieve the pure shear zone

(approximately no moment) at the splice, Figure 3.13 . For the shear test, two angles
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gpanned the specimen with three LVDT’ s supported by each angle, Figure 3.15. Each
angle was located 2 inches on each side of the cold joint.

Lineload

LVDT locations
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Figure 3.14 —Shear diagram for shear test
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CHAPTER 4
TEST RESULTS

4.1 General

This chapter presents the results of the four test series described in Chapter 3. Graphs
and photos of Test Series 1, 2, 3, and 4 can be found in Appendix A, B, C and, D,
respectively, aong with the concrete strength graphs. The forces shown in dl of the
tables and graphs are the loads recorded by the load cell below the hydraulic ram. All
loads designated as Pexperiment @€ based on the loads recorded when yielding of the
gpecimen occurred. When the yielding of the specimen was not eesily seen the yielding
load was determined from the load versus displacement graphs. Pexperiment iSthe yidding
load for the specimen. For Test Series 1-3 Specimens A-C and Test Series 4 Specimens
A-D the Peaculated 1S the theoretical 1oad based on the Whitney stressblock. For Test
Series 1-3 Specimen D the Pegculated 1S the theoretical 1oad based on the Shear Friction
provisons of ACI 318. For dl of the tests, f’ ¢ represents the compressve strength of the

gpecimen in which the embedded bars were epoxied.

4.2 Test Series 1 Results

Thefird test series had an embedment length of 20 inches. The results for Test Series

1 and failure modes are shown in Table 4.1 and Figure 4.1 .
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Table 4.1 — Results for Test Series 1 using actual fyand ¢

(kips) (kips) Peacuated

Control a5 401 103 Not fully Ioadec_i dueto

Specimen apparatus failure

Specimen A 125 401 105 Flexura crushing of
concrete

Specimen B 380 322 117 Flexura crushing of
concrete

Specimen C 185 195 095 Flexurd crushing of
concrete

Specimen D 38.2 334 115 Concrete shear_ spllttl ng

at control joint

For Specimen B only four bars were spliced and therefore, the Peaculated IS alower vaue
than Specimen A. Asshown in Table 4.1 the Control Specimen, Specimen A, Specimen
B, and Specimen C dl reached the caculated flexure load.

Specimen D, the shear test specimen, sheared the contral joint at aload dightly greater
than the calculated shear friction load. The shear test showed no signs of bond failure or

edge effects problems.
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Figure 4.1 — Reaults from Test Series 1 moment tests

4.3 Test Series 2 Results

16 18 2

The second test series had an embedment length of 15 inches. The results for Test

Series 2 and the failure modes are shown in Table 4.2 and Figure 4.2 .

Table 4.2 — Results of Test Series 2 using actua fy and f'c

(kips) (kips) Pealcuited

CO““TO' 333 42.2 0.79 [nstrumentation error

Specimen

Specimen A 420 422 0.99 Flexurd crushing of
concrete

Specimen B 426 422 101 Flexura crushing of
concrete

Specimen C on 4 224 108 Flexurd crushing of
concrete

Specimen D 399 35.0 114 Concrete shear_ spl itting

at control joint
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The Control Specimen for thistest did not reach the caculated load. The Control
Specimen visudly did yield and showed dl of the same characteristics as Test Series 1
Control Specimen except for the load. Upon further ingpection, the location of the
reinforcing was correct and the insrumentation was working correctly. No definite
answer could be found to explain the results. Specimen A, Specimen B, and Specimen C
reached the ca culated load and exhibited ductility consistent with the control specimen.

Specimen D, the shear test pecimen, sheared a the control joint at aload dightly
greater than the calculated shear friction load. The shear test showed no signs of bond

falure or edge effects problems.
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Figure 4.2 — Results for Test Series 2 moment tests

4.4 Test Series 3 Results

The third test series had an embedment length of 11 inches. The resultsfor Test Series

3 and failure modes are shown in Table 4.3 and Figure 4.4 .



Table 4.3 — Results of Test Series 3 using actual fyand ¢

(kips) (kips) Peacuiated

Conton 420 1 102 Flexural crushing of

Specimen concrete

Specimen A 40.8 21 0.97 Concrete S?;E': ng at edge

Specimen B 1.4 21 0.98 Concrete sjp(ljz:':ng at edge

Specimen C 240 224 107 Flexurd crushing of
concrete

Specimen D 40.7 35.0 117 Concrete shear_ spl itting

at control joint

The Control Specimen, Specimen A, Specimen B, and Specimen C dl reached the

caculated load. Asindicated by Table 4.3, Specimens A and B had edge effect falures

after the calculated load but before a concrete compression failure occurred. As shownin

Figure 4.4, this resulted in areduced ductility from that exhibited by the control

specimen.

Figure 4.3 — Edge failure of Specimen B

Cracks formed at the top and bottom of the specimen and doped toward each other

forming the shape of atriangle, Figure 4.3. This splitting failure was cause by the high

stresses developed in the splice region near afree edge. Therefore, a new arrangement of
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the reinforcement was deve oped to diminate the edge distance parameter. Thiswas

investigated in Test Series 4.

Control Specithen A
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Figure 4.4 — Resultsfor Test Series 3

Specimen D, the shear test specimen, sheared the control joint at aload dightly greater
than the calculated sheer friction load. The shear test showed no signs of bond failure or

edge effects problems.

4.5 Test Series 4 Results

Test Series 4 was conducted for three reasons. The first reason was to test the splice
bar with the distance to a free edge greater than 8 bar diameters and see if an edge falure
occurred. Second, to determine if the use of Grade 60 bar would affect the accuracy of
the equations used to predict the splice lengths. Third, to see if changing the actud
concrete compressive strength to 4,000 psi, instead of the ~8000 psi, would affect the

accuracy of the equations.
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Test Series 4 consisted of one control specimen and four moment tests. No shear test
was performed because the data from the previous tests were consstent. The results for

Test Series 4 and failure modes are shown in Teble 4.4 and Figure 4.5 :

Table 4.4 — Results of Test Series 4 using actua fyand f'c

Test results P@(periment Peaculated P@(periment/ Failure Mode
(kips) (kips) Peacuated

Control 539 524 103 Flexura crushing of
Specimen concrete
Specimen A 52.6 52.4 1.00 Bond failure
Specimen B 50.9 52.4 0.97 Bond failure
Specimen C 48.8 524 0.93 Bond failure
Specimen D 38.7 52.4 0.74 Bond failure

The Control Specimen for Test Series 4 reached the caculated yield load. Specimen
A, Specimen B, Specimen C, Specimen D al had sudden bond failure before yidding as
shown in Figure 4.5 indicating a brittle failure mode. These specimensdl had radid

cracks on the bottom surface of the specimen, Figure D.1-D.4.
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4.6 Comparison of Test Results

Graphs of the results comparing al of the specimensin a particular test seriesand a
comparison of like specimens from each test series can be found in Appendix E. Figure
E.1-E.3 show the specimen’ s stiffness with pogt-installed epoxy splices were consstent
with the stiffness of the control specimen.

Two types of rebar splices were used in this project, bars spliced next to the existing
bars (Specimen A) or spliced in-between the existing bars (Specimen B). Thesetwo
variaions were conducted to see if the specimen’s strength would be affected. Table 4.5
compares the yidding loads of the specimens with different rebar splice locations. Test
Series 1isnot used for comparison because only 4 bars were spliced in Specimen B and

five bars were pliced in Specimen A.
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Table 4.5 — Comparison of specimens with different spacing of splices.

Specimen Spacing Test Series 2 Test Series 3
Id =15in Id =11in
A Next to exigting bar 42.0 40.8
B In between 42.6 414
exiging bar
Percent difference 1.43% 1.47%

As shown in Table 4.5 the spacing of the bars had little affect on the strength of the

specimen.

4.7 Splice Equation Comparison

Table 4.6 shows the splice lengths calculations for ACI%, AASHTO?!, and
Eligehausen's® equations using the actua strength of the materials a the time of testing.
As previoudy discussed in Section 3.7, due to the use of Grade 40 bars and a concrete
strength of ~8000-ps the embedment Iengths were greater than the predicted splice
lengths for Test Series1 and 2. Therefore, no good comparisons could be made to the
splice length equations for Test Series1 and 2. As noted in the notes on Table 4.6, the
ACIl and AASHTO equations for splice length contain both a built in capacity reduction
factor (f ) on the development length of ~0.9 and multipliers of 1.3 for ACI and 1.7 for
AASHTO to convert the development length to a splice length. These factors are not
included in the Eligehausen’ s equation but recommended values are addressed at the end

of this section.
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Table 4.6 — Required splice lengths based on actual materia strengths

Tes | f, fc | Splice | t | ACI' | AASHTO? | Hligghausa™ |  Yiddingor
Series | (k9) | (k9) (in | (kd) (in) (in) (in) Bond Failure
1 455 | 831 20 187 | 97 10.4 7.0 Yidding

2 52.6 | 8.32 15 187 | 11.2 12.0 8.1 Yidding
3 52.1 | 8.16 11 187 | 11.2 12.0 8.0 Yidding
4-A | 67.6 | 4.14 16 187 | 20.5 219 11.3 Bond Failure
4-B | 676 | 414 16 187 | 20.5 219 10.4 Bond Failure
4-C | 67.6 | 414 12 187 | 205 219 11.3 Bond Fallure
4-D | 67.6 | 414 12 187 | 20.5 219 10.4 Bond Failure
1. Contains abuilt in capacity reduction factor (f ) of ~0.9 and a splice length factor of
1.3 for converting development length to splice length.
2. Contains a built in capacity reduction factor (f ) of ~0.9 and a splice length factor of
1.7 for converting development length to splice length.
3. Does not contain a built in capacity reduction factor or a factor for converting

development length to splice length.

Asshownin Table 4.6 , Test Series 3 had an embedment length of 11 inches. Both

ACI and AASHTO equations required a splice length of 11.2 and 12 inches, respectively.

Therefore, both the ACI and AASHTO equations predicted safe and conservative splice
lengths for the testing parameters of Test Series 3 since yieding occurred prior to failure.
It should be noted that the ductility of Specimen B was reduced from that of the Control
Specimen and Specimen A. The embedment length for Test Series 3 was larger than the
predicted length of Eligehausen’s equation without the introduction of the capacity
reduction factor (f ) and multiplier for determining splice length asincluded in the ACI
and AASHTO equations.

Test Series 4 had embedment lengths of 12 and 16 inches. ACI and AASHTO
equations predicted splice lengths of 20.5 and 21.9 inches, much grester than the
embedment length for Test Series 4. Table 4.4 showsthat Test Series 4 Specimens A
through Specimens D had a bond failure before yielding occurred. However, Table 4.4

a0 shows that Specimens A, B, and C were very closeto their caculated yield load but
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without the ductility exhibited by the Control Specimen. It is suggested that an additional
Test Series be performed to verify the modifications factors and splice lengths predicted
by ACI and AASHTO equations.

Eligehausen’s equations predicted a splice length of 10.4 inches and 11.3 inches for
the 12 and 16-inch embedment lengths of Test Series 4, respectively. Therefore, for Test
Series 4 reaults, Eligehausen’s equation is not adequate without the incorporation of a
capacity reduction factor (f ) and multiplier for converting development length to splice
length as used in ACl and AASHTO.

As mentioned above, when comparing ACI and AASHTO equationsto Eligehausen’s
equation, two issues needed to be addressed. Both the ACI and AASHTO equations have
a capacity factor (f ) 0.9 built into the equations. Also, both ACI and AASHTO splice
length equations are development length equations with multiplication factors of 1.3 or
1.7, respectively. Eligehausen’s equation does not have a built in cgpacity reduction
factor and is a development length equation. Therefore, to accurately compare
Eligehausen’s equation to ACI and AASHTO equations, a capacity reduction factor of
0.9 should be applied to Eligehausen’s equation (this amounts to multiplying the
predicted development length by 1/0.9 = 1.11). After the capacity reduction factor is
applied, a second factor needs to be applied, or in this case determined, in order to
convert Eligehausen’ s development length equation to a splice length equation. This
factor should enable Eligehausen’ s equation to safely predict the splice length tested in
Test Series4. Specimens A of Test Series 4 had an embedment length of 16 inchesand a
rebar pacing of 12 inches. Since Specimen A was at the predicted yidding failure load,

the embedment length of 16 inches will be used determine the factor to convert
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Eligehausen’s development length equation to a splice length equation.  Eligehausen’s
equation predicted an embedment length of 10.4 inches. Therefore, divide 10.4 inches by
the 0.9 factor. Thisnew lengthis11.6 inches. Next divide the embedment length of 16
inchesby 11.6. Theresultisa1.38 factor. By rounding up 1.38 to 1.4, the factor can be
used to convert Eligehausen’ s development length equation to a splice length equetion.
The 1.4 multiplier for splice length factor is derived from atest specimen thet had a
sudden catagtrophic failure.  For safety concerns afactor based on ayielding falureis
preferred. However, snce dl of the specimens of Test Series 4 had a sudden catastrophic
failure, additiona test may need to be performed to verify the rdiability of the derived

1.4 multiplier for splice length factor. Therefore, based on Test Series 4, is appears
reasonable that both of these factors, a capacity reduction factor of 0.9 and amultiplier
for solice length of 1.4, should be consdered when using Eligehausen’s equations to
predict asplice length. Table 4.7 has the required splice lengths based on materid

strengths, however, the capacity reduction factor (f ) of ~0.9 is removed from the ACI

and AASHTO equations.

Table 4.7 — Required splice lengths based on actua materia strengths without the capacity
reduction factor (f ) of ~0.9.

New f, fe t ACI' | AASHTO? | Eligehausar®
Test Series | (k9) (ka) (ks) (in) (in) (in)
1 60 4.0 1.87 16.6 17.8 12.9
1. Contains a splice length factor of 1.3 for converting development length to splice
length.
2. Contains a splice length factor of 1.7 for converting development length to splice
length.

3. Contains the recommended splice length factor of 1.4 for converting development
length to splice length.
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4.8 Chapter Summary

This chapter presents the results from dl of the tet series. The data was andyzed and
examined. The splice lengths were cdculated for the ACI and AASHTO equations and

the FDOT and Eligehausen adhesive-bonded anchor equations.



CHAPTER 5
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

The objectives of this project wereto:

Examine the methods used to ingdl adhesive splices and determine if the methods are
practica for use on ajob ste.

Perform flexurd tests to determine the splice length required to achieve full flexura
grength when using an adhesve-bonded splice.

Perform shear tests to determine the shear strength of adhesive-bonded dowel bars.
Provide design recommendations for splice lengths for adhesive-bonded reinforcement
in bridge deck additions.

Provide design recommendations for determining the shear strength of

adhesive-bonded dowel bars in bridge decks additions.

5.1.1 Installation Method

Chapter 3 describes and details the steps taken to drill ahole, clean ahole, and ingtdl
the anchor using a dructurd adhesive. Thetime required for drilling, cleaning, and
inserting the adhesiveissummarized in Table 5.1. Thetimesin Table 5.1 arethe

average time each hole took at a given length.
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Table 5.1 — Average time of drilling, cleaning, and inserting adhesive for the given
embedment depth.

Embedment lengths 20 inches 15 inches 12 inches

Averagetimeto drill 18 min. 9min. 7min.

The 20-inch embedment length required removing the drill twice to clean the bit. The
15-inch and 11-inch hole did not require the drill to be removed and cleaned. Based only
on time and efficiency it is recommend that the specified embedment length should not

exceed 15-18 inches whenever possible.

5.1.2 Flexural Strength

As shown in Table 4.5, the location of the splice bars rdlative to the existing bars (i.e.,
the splice bars located in the same plane as the existing bars but elther adjacent to or
equally spaced between the exiting bars) did not affect the strength of the splice.
Therefore, the splice bars can be located anywhere between or next to the existing bars
without affecting the strength of the splice.

Test Series 1-3 had failure modes consstent with flexural concrete compressive
falure. Test Series4 failed before reaching aflexurd compressve fallure. Thefalure
mode observed for Test Series 4 was consstent with a sudden bond failure. Asnoted in
Table 4.6, ACI and AASHTO equations predicted splice lengths greater than the splice
lengths used for Test Series 3 and 4. As noted in Section 4.7, Eligehausen’ s equation,
using a capacity reduction factor of 0.9 and the recommended multiplier for solice length
factor of 1.4, dso predicted splice lengths greater than the splice length for Test Series 3
and 4. Therefore, it isrecommended that either the ACI or AASHTO equations for splice

length be used without modification. Eligehausen’s bonded anchor equations for
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adhesive anchor embedment length may aso be used with the gppropriate modification
factors. Asmentioned in Chapter 2, Eligehausen’s bonded anchor equations are very
gmilar to those in the exising FDOT Design Guiddines with the primary difference

being the change in critica spacing from two times the embedment length to sixteen

times the anchor diameter. This change should be incorporated in the next revison to the

FDOT Design Guiddines.

5.1.3 Shear Strength

All of the shear tests (i.e., Test Series 1-3, Specimen D) performed as expected. The
failure mode observed was consistent with the failure mode associated with shear
friction. Asnoted in Section 2.6, the shear strength determined when using sheer friction
provisonsis dependent only on the yied strength of the reinforcement and the
coefficient of friction associated with the cold joint between the existing bridge deck and
the new bridge deck. Asnoted in Section 2.6, the coefficient of friction (1m) was taken as
0.60 for concrete placed against hardened concrete that was not intentionally roughened
prior to casting the new concrete. Based on a comparison of the test results to those
predicted by shear-friction, it is recommended that the shear capacity of adhesive-bonded

dowd bars be determined using the shear-friction provisons of either ACI or AASHTO.

5.2 Recommendations for Future Resear ch

It is recommended that an additional test series be performed to verify the use of the
ACIl and AASHTO splice equations and the 1.4 multiplier for splice length to be used

with the adhesve-bonded anchor equations.
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The first two test series conducted in this project were adversely impacted by the high
compressive strength exhibited by the FDOT Class |1 concrete for bridge decks (specified
strength 3,400 pg, actua strength ~8,000 ps). The splice lengths used in the tests were
based on the specified strength of the concrete which resulted in the use of splice lengths
in excess of those required when the actua high strength of the FDOT Class |1 concreteis
used inthe ACI and AASHTO splice length equations (i.e., the results of Test Series 1
and 2 smply indicated that the splice lengths determined in accordance with ACI and
AASHTO did not need to be increased when using adhesive-bonded bars for the splices).

An additiona test serieswith an 18” splice length using concrete with an actud
compressive strength of ~4,000 ps, #5 Grade 60 reinforcement, and a minimum end edge
distance of eight bar diametersis strongly suggested to provide verification that the ACI
and AASHTO splice length equations can be used without modification and the adhesive-
bonded anchor equations can be used with the incorporation of a capacity reduction

factor of 0.9 and a 1.4 multiplier for splice length.
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Figure A.8 — Test Series 1, Specimen A

Figure A.9 — Test Series 1, Specimen B
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Figure A.10 — Test Series 1, Specimen C
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Figure B.8 — Test Series 2, Specimen A

Figure B.9 — Test Series 2, Specimen B



Figure B.10 — Test Series 2, Specimen C

Figure B.11 — Specimen D Splitting failure
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Figure C.9 — Test Series 3, Specimen B

Figure C.10 — Test Series 3, Specimen C
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Figure C.11 — Specimen D3 yidding failure
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APPENDIX D - TEST SERIES 4
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Figure D.9 — Test Series 4, Specimen B
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