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Chapter 1

Introduction

1.1 Genergl

Attempts to solve the problem of corrosicn of reinforcing steel in
concrete bridge decks have led to +the Introduction of innovative
procedures for new deck construction. Two of +these procedures, two-
course bonded deck construction and high density Internal vibration., are
relatively unftested for thelr effects on concrete-steel bond strength.

Two-course bonded deck construction places a high quality concrete
wearing surface on a previcusly placed and cured first course. It has
been found, however, +hat due to the low cover Initlally used over the
top steel, tThe procedure can can cause settlement cracks In the first
course, which may, In turn, affect the concrete-steel bond.

Bridge deck concrete In Kansas [s currentiy consolidated uslng high
density Internal vibration, which [Imit+s maximum vibrator spacing to cne
foot. This method is Intended to be an improvement over consclidation
using bhand-held vibrators. Although I+ is generally accepted That good
consol idation leads to good concrete, It Is not clear what effect the
high density vibration has on the concrete-steel bond.

Concrete~steel bond Is affected by many factors, including the
reinforcing bar dlameter and spacing; the strength, slump, settlement.
and bleeding characteristics of the concrete; the conscolidation method
used; the depth of the member; and the minimum cover. Current AASHTO
Bridge Specifications (1) and AC! Building Code provisions (4} consider

only four of fThese factors (bar dlameter and spacing, concrete strength,



and depth of the member).

The bond between concrete and steel s critical for structural
satety. An understanding of the Interaction between the two materials
and an understanding of the parameters affecting +that Interaction I3
therefore necessary. The effects of the degree of conseollidatlion and the
type and thickness of the cover above the relnforcement are not well
documented and are not considered In the current design cedes. It is
the purpose of this study fo provide additional I[nformation on these

parameters,

1.2 Background

Deterioration of concrete bridge decks has been a major concern in
the United States since the early 1960t's (18, 21). Investigations have
indicated that the major problem in most states Is surface spalling
caused by Internal expansive forces In the concrete, generated by corro-
sion of the top reinforcing steel. Cracks over bars, shallow concrete
covers over bars., and permeable concrete allow deicing chemicals to
reach the top reinforcement and cause corroslion (18, 21). tn  response
to these probliems, new construction procedures have beeﬁ tmpiemented.

Current Kansas Depariment of Transportation bridge deck construc=
tion specifications require that deck concrete be consoifldated using in=
ternal vibrators (23}, These vibrators must be mounted on a device
designed to malntalin a maximum vibrator spacing of one foot. Aithough
multipie vibrators are not expilicitly required, typlcal devices in use
have four +o elght vibrators mounted on a moveable frame (Flg. 1.1).

Muitipie, frame-mounted vibrators can provide adjacent vibrator interac-



tion, consistent inserticen spacing, and conslistent insertion timings
however, such assemblies are more expensive +than hand-held vibrators.
Research conducted by the Kansas Depariment of Transportation indicates
that high density vibration resuits in lower permeability than con-
soildation using hand~-held vibrators (11). The relative permeabl!ity of
samples obtained from a deck consolidated using high density vibration
s Just one~fifth that of decks consolldated using a hand-held vibrator.

Two-course bonded deck construction has recently been Implemented
in many states +to Improve the quality of the top surface concrete In
bridge decks. A major benefit of such construction is that It slows the
rate of deterloration of decks, primarily by slowing the rate of
penetration of delcing chemicals to the top relnforcing steel (18).

The two-course construction procedure used in Kansas consists of
placing the flrst course concrete with a 3/4 inch design top cover, fol-
lowed by a 2-1/4 inch bonded concrete overlay. The first course con-
tains all of +the deck reinforcement and Is made using concrete with a
maximum slump of 2~1/2 Inches and a water-cement ratlo of 0.44. The
second course consists of concrete with a maximum 3/4 inch siump and a
0.35 water-cement ratlo, The flirst course Is internally vibrated, while
the second Is consolidated using a vibratory screed (Fig. 1.2).

The Kansas two-course deck procedure combines two of the currently
recommended practices designed to protect top reinforcement: Bonding of
a low water-cement ratio concrete overlay to the deck (21}, and use of a

3 inch top cover (37).



The procedure has, however, resulted in The formatlion of settiement
cracks over the top reinforcement within the first course in some decks,
as shown in Flg. 1.3. These cracks are aggravated by the low cover and
the removal of coarse aggregate above the top reinforcement during the
finishing operation. Because this cracking resembles inclpient bond
fallure, the concrete-steel bond is of concern.

The concrete-steel bond is critical, both during the construction
phase. when only a 3/4 Inch cover exists, and during the service phase.
i+ is especially of interest over the plers of haunched slabs where the
depth of concrete below the top reinforcement can be 24 inches or more.
and the deck is subjected to a negative moment, The negative moment
places the top relnforcement In tenslon, while the Increased concrete
depth at these sections may reduce the bond strength due +to Increased

bieeding and settiement of the concrete.

1.3 Previous Work
Although [t has been es+ab£lshed for a number of years that Initiai

or delayed consollidation using vibration can provide improved concrete-
steel bond when compared with hand rodding, [t has also been shown that
repeated vibrafioﬁ of plastic concrete can have a negative effect on
bond.

In 1938, Davis, Brown, and Kelly found that external vibration by
Jtgging improved the maximum bond strength approximately 14 percent over
hand rodding (17), A 45 percent Improvement over hand rodding was
achieved by axlally vibrating +he test bars. Specimens used In this
study were 6 by 6 inch c¢cylinders with vertically cast deformed bars. 4

Inch slump concrete was used.



Davis et al, also studlied the effect of delayed vibration on bond.
They wused methods and specimens similar to those used To study the ef-
facts of vibration, but vibration was appllied at 3, 6, and 9 hours after
the concrete had been placed by hand.

This work on the effects of delayed vibration on bond has been
referenced in other papers as evidence of the positive effect of
revibration (32, 33). However, because the specimens used in thils study
wera not Inltially vibrated, +the Improvement In bond can only be at-
tributed to delayed vibration, not revibration,

In 1942, Robin, Olsen, and Kinnane used 3 +o 4 inch sliump concrete
and horizontally cast bars To compare external vibration with hand
rodding (30). The specimens used were 3 inches wide and 10 inches deep.
Smooth test bars were located from 1-1/2 to 7-1/2 Inches above the bot-
fom of the molds, External vibration resuited in lower bond strengths
than hand rodding for bars located 1-1/2 or 3 inches from the bottom of
the forms. External vibration resulted In higher bond strengths than
hand consolidation, however, for bars located 6 or 7-1/2 inches from the
form bottoms.

Menzel found that, with a 2 inch slump concrete, internal vibration
provided a dramatic Improvement in bond strength over hand rodding for
top-cast bars (27). Using the specimens shown In Fig. 1.4, Menzel con-
ducted pullout +ests on both top-cast and bottom-cast deformed bars.
The maximum steel stresses obfained in the tests are shown in Fig. 1.5,
The value shown for the bottom—cast bar (with 2-1/8 inches of concrete
below 1t} is the average for all specimens consollidated In the same

manner, The other s+resses are indlvidual results. Although not all



specimen depths were tested for both consclidatlion methods, the resuits
indlcate a trend of increasing strength with Improved consolldation, as
the helght of the bar above The base is incresased. The bottom=cast bars
appear to have almost the same bond, regardliess of The consolidation
method. Only the average bond strengths for the bottom-cast bars were
published, and no data were provided on the scatter in the results.
Negative effects of revibration on bond were obtained by Larnach
(24) and by Menzel (27). The tests conducted by Larnach used a 4 Inch
square by 6 Inch long specimen, with a horizontally cast smooth bar cen-
Yered In the mold, Concrete was initially consolidated in the molds
using external and surface vibration. Concrete was revibrated using ex-
ternal vibration. 4 by 4 Inch cﬁbes were consoildated and revlbrafed in
a similar manner, Revibration at 2 hours produced & maximum reduction
in bond of 33 percent and caused a 16 percent reduction in the concrefe
compressive strength. Revlibration at 30 minutes and 1 hour reduced bond
strengths by 6 and 9 percent, respectively, while the reconsolidation
caused a decrease In compressive strength of 14 percent In both cases.
I+ T1s of Interest to nofe that the reduction in compressive strength
noted by Larnach contradicts trends shown more recentiy by Vollick (36},
internal vibration was wused in Vollick's +esfs. Although Vollick
provided detalled descriptions of the plastic concrete properties from

his tests, Larnach did not. The contradictory trends are therefore dif-

ficult to explain,



Menzel (27) used deformed bars In the 18 Inch deep molds used Iin
his consollidation tests (Fig. 1.4). His tests indicated that nelther
over-vibration nor revibration after one hour had adverse effects on the
bottom=-cast bars In each mold. However, over-vibration increased bond

strength slightiy for top-cast bars, whlle revibration reduced bond

strength by gver 28 percent. 2 inch slump concrete was used., Over-
vibrated specimens were described as being vibrated Mabout 25 percent
fonger than necessary®, |t should be noted that this Is the only study
of the effects of revibration on bond strength that used both internal
vibration and deformed bars.

Prior to the current work, the effects of +‘wo-course construction
on concrete-steel bond have not been explicitiy investigated. However.
the controlling factors In settlement cracking have been studied, and
the bond In top=cast reinforcement (reinforcement with less than 3
inches top cover) has been investigated.

Dakhit, Cady, and Carrler (18) found that the Incldence of
longitudinal settliement cracks formed above top reinforcement tends to
increase with increases in slump and bar size and with decreases In “op
cover (Fig, 1.6). Specimens made in the above study were consol!dated
by Internal vibra?!oﬁ, Menzel (27) noted settlement cracks above top-
cast, one Inch diameter bars with a 2 Inch cover In specimens placed
with 6 Tnch slump, hand rodded concrete. Cracks were not noted.

however, In specimens piaced with 3 Inch slump, Internally vibrated con-

crete.



There have been individual Investigations studying the bend in top-
cast reinforcement as a function of one or more of the following
parameters:

1) The depth of the concrete member.

2) The concrete sedimentation properties (settlement and bleed).

3} The minimum cover,

4} The concrete siump,

Although the AC! Building Code (4) and the AASHTO Bridge Specifica-
tlons (1) currently require a 40 percent increase In bonded length for
horizontally cast bars with 12 inches or more concrete below them, There
has been only one Investigation, by Meﬁzei (27), which has studied the
effects of the depth of concrete below the steel alone. Many Investiga=
tions have compared +the bond strength of top-cast reinforcement with
that of bottom-cast bars. Top-cast bars normally disptay Ilower bond
strengths than bars cast lower in the same or similar specimens (12, 13.
14, 19, 20, 28, 3t, 35). This type of comparison is useful, but It fn=
cludes the effects of depth of concrete above the bottom bars and low
top covers (Including the effects of settliement cracking), as well as
depth of concrete below the top-cast bars.

Menzel's work showed +that top-cast deformed bar bond strength
decreases as the specimen depth Tncreases (24), This change was quite
pronounced as the helght of the top bar was Increased from 2=1/8 inches
to 33-1/8 Inches using 5 to 6 Inch slump, hand-rodded concrete. For ex-
ample, the maximum steel stress at splltting was 72000 psi for 2~1/8
Inches of concrete below the bar, but only 40000 psi for 33-1/8 inches.

Decreasing the siump of hand rodded concrete to 2 to 3 Inches reduced



the rate of decrease In bond strength as the depth of concrete below the
bar Increased. The smallest "top bar effect", however. was achlieved
ustng 2 to 3 Inch siump, Tnternally vibrated concrete. With stiff, well
consol [ dated concrete, the maximum {oad developed by é bar cast with
33-1/8 inches of concrete below it was over 90 percent of the bond
strength of a bar with 2-1/8 inches of concrete below I+, while a bar
cast with 15=1/8 Inches of concrete below it had the same strength.

In the same study, Menze! made direct settiement measurements,
which Indicated +that bond decreased with increased seitiement. Weich
and Patten (38) conflirmed this work by showing that increased sett|ement
tended +o decrease bond in both top and bottom-cast bars, The top-cast
bars In these tests had 8~5/8 inches of concrete below them and 2 2-5/8
Inch top cover., Slumps were between 2-1/2 and 4 Inches, Both settie-
ment and bleed were measured for each specimen. Most specimens with
deformed bars were Internally vibrated, but the authors noted no dif-
ference In behavior between specimens consclidated by vibration and
those consoildated by hand rodding. Settiements measured on the pul lout
specimens with deformed bars were between 0.15 and 0.62 percent of the
total specimen height. Bleed test results for the specimens were not
published, and no frends were shown between bleed and bond.

The Commissie VYoor Uitvoering Van Research |ngesteld door de Beton-
vereniging in the Nethertands (CUR) conducted tests in 1863 (15) using
the cantilever beam pullout type specimen shown in Fig. 1.7, Among
other +trends noted, it was determined that an Increase in the cover
tends to Increase the ratio of top-cast bar strength to bottom~cast bar

strength. The top-cast bar/bottom=cast bar ratio is shown in Fig. 1.8



10

as a function of cover for "Hi-Bond" bars from the CUR tests. The
embedment lengths for the data points shown were 140, 265, and 350mm for
the 10, 18, and 26mm bars, respectively,

Beam tests conducted by Ferguson and Thompson (19) Iliusfrate +the
effects of both sjump and cover on the ratio of top-cast bar bond
strength to bottom-cast bar bond strength. Ferguson and Thompson noted
that the bond strength for top-cast #11 bars decreased between 3 and 13
percent as the slump was increased from one to three Inches. Although
it was not noted by Ferguson and Thompson, their test data also show the
same trends with respect to cover as those found by the CUR. The depth
of concrete below the test bars In these tests varied as the top cover
was varied; however, it was approximately 12 Inches for all Tests. A
plot of +the relative bond efficlency of +op-cast bars compared to
bottom-cast bars as a function of top cover (Flg. 1.9) confirms the
trend noted by the CUR. |

Zekany, Neumann, Jirsa, and Breen (39) conducted tests using beams
with both top-cast and bottom-cast splices. All beams used were 16
Inches high and had 2 inch top and bottom covers, The ratio of top-cast
spiice strength to bottom—cast splice strength was found to decrease as
siump was Increased from 3-1/2 to 10-1/2 inches, Also, for both top and
bottom bars, bond tended to decrease with increasing slump. This effect
was more pronounced, however, for the top~cast bars.

Luke, Hammad, Jirsa and Breen (25) used 72 Inch deep wall specimens
in thelr investigation of the Influence of casting position on develop-
ment and splice length (Fig. 1.10). Their data (Flg. 1.11) show that

the top-cast bars were signiflcantly affected by the concrete slump.
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Top~cast #9 and #7 bars developed normal Ized stresses of 31 and 40 ksl
when placed with 3 inch slump concrete, but developed only 18.5 and 19.1
ksi, respectively, when placed with 8=1/2 inch slump concrete. These
were 40 and 52 percent decreases In bond caused primarily by an increase
in siump. The researchers also noted tThat settlement cracks formed
above +the top—-cast bars In the high slump test specimen. but not in the
low slump specimen.,

Although the effect of slump was noted In other test bars within
the same specimens. [t was most pronounced for the top-cast bars. In
fact, the normal fzed stresses for fest bars cast below the specimen mid-
helght were approximately the same in the high slump specimen as in the

tow siump specimen.

1.4 Empirlical Bond Relationships

Experimental bond test results have historically been used In the
derivation of design relationships. The current ACI Building Code (4)
and AASHTO Bridge Specifications (1) 1imlt+ ultimate bond stresses In
reinforcement by setting development length requirements. However, the
relationships used for the development length requirements are based on
+he ultimate bond stresses specified in the 1963 ACI Bullding Code (3).
These stresses, In turn, are based on tests at the University of Texas
(20) and the Bureau of Standards (26) which indicate that the ultimate

average bond force per unit length, U, (in pounds per Inch) is

U = 35/ (1.1
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in which fé is the concrete compressive strength. The totai bond force

witl then be

T = 35L/F0 (1.2)

In which L = the embedment length.
The 1977 AC! Bullding Code (4} and AASHTO Brlidge Speclifications (1)

basic development Ilength requirements are based on the force necessary
to develop 125 percent of the yleld strength. Incorporation of TFhis

factor and rounding results in an ultimate bond force (in pounds) of

T = ZEL/EZ (1.3)

which [s the fotal force developed by a bar of embedment length L, In

inches.

A limiting bond stress of 800 psi was also Introduced In the 1963
ACi Building Code (3) requirements. Conversion of this Into an equiva-
tent bond force, appllcation of the factor of 1.25, and rounding results

In a [Imiting bond force (in pounds) of

T_ = 625mLd (1.4)
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This requlrement has also been retalned by ACI (4) and AASHTO (1) for
#11 bars and smaller.

Untrauer (34) pointed out that bars with small covers (less +than
1-1/4 Inch) +tend to have bond strengths less than the 1963 AC| Bullding
Code (3) bond strengths., This was found usling data obtalned primarily
from top-cast bar tests.

One of the more recent bond relationships was developed by Jimenez,
White, and Gergely at Cornell (22). The Jimenez bond equation is based
on the assumption that the predominant failure mode 1s longltudinal
splitting along +the bar. Using a regression analysis applied to 174
devalopment and spllice length tests, and assuming that concrete tensile
strength Is given by?ﬂﬂfé)?fhe axial force (in kips) at which splitting

faliure occcurs Is:

dicvEt
T = < (1.5)
J (35.49+0.5730L)

in which ¢ = the minimum concrete cover, and d = the bar dlameter, both
In Inches,

This relationshlp tends to provide very conservative values for
bars with covers less than 1/2 the bar diameter. For covers greater
than +he bar diameter, [t tends to produce better results, The maximum

cover to bar dlameter ratioc used In the analyslis was 2.21.
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Another recently derived bond relationship was developed by Morits
and Fujii (29), This relationship has been shown to provide excellent
correlations between calculated and measured bond stresses from several
sources,

Three separate failure modes are consldered In the Morita relation-
ship: A horlzontal split between clcsely spaced reinforcement, a corner
split, and a "V-notch" type split. The V=notch fallure is assumed to
occur when relnforcing bars are placed at wide spacings with relatively
smal| covers. The axial load (In kips) at which failure will occur in

t+he V=notch mode [s:

T = dL[0.0126c/d+0.0} 143»/?5 (1.6)

1.5 Qbject and Scope

The effects of consolldation method and two-course construction on
concrete~steel bond strength In bridge decks are studied as functions of
stump, bleed, and depth of slab. Bond strength and concrete density ob-
talned with high density consolldation (Insertions at one foot centers)
are compared with the values obtained wlth low density consolldation
(vibrator insertions at 2 foot centers). The bond sfrength with two-
course top cover is compared with +the bond strength obtalned with
monoiIthic +op cover, Bond strengths obtained with small first-course

covers (before overltay placement) are also studied,
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The study used eighteen 4 by 8 foot deck specimens, with 8 inches
of concrete below the +top relinforcement. and six-3 by 4 foot deck
specimens, with 24 inches of concrete below the top reinforcement. Four
top covers were studled: 3/4, 1, and 3 inch monolithlic top covers and 3
inch fwo-course top covers, #5 and #8 bars were used. A total of 117
bars were tested.

All bond tests utillized modifled cant!lever beam specimens. During
each test, [oad, lcaded end s!ip, and unlocaded end silip were monitored
and recorded. Concrete densities were obtalned using core samples.

Test results are plotted and analyzed. Bond values obtained from
the tests are compared with values obtained from other fests In Thls
series and with empirical relationships developed by other researchers.

Recommendations are made for bridge deck design and construction.
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Chapter 2

Experimental investigation

2.1 General

To study the effects of consollidation methed and top cover on  bond
in concrete bridge decks, the specimen desligns,placement procedures, and
test procedures were selected to reflect actual deck thicknesses, place-
ment procedures, and loading. Consciidation with multiple vibrators was
a requirement, Also, It was important to select a bond test procedure
that would place realistic loads on the reinforcement and the concrete.

Consolidation using multiple vibrators requires specimens with
large plan areas. Large areas provide room for the vibrators and reduce
the settlement restriction Imposed by the sides of small forms. They
also provide room for multiple test bars within a single specimen and
similar concrete for bars with different top covers.

In order to make valid comparisons of bond strengths, both the
reinforcement and the surrounding concrete should be placed In tensien,
as they would be In aﬁ actual structure, Modified cantilever beam
specimens were selected since they provide reallistic loading of the

reinforcement, while allowing multipie fest bars in each specimen.

2.2 Jest Specimens

Two types of test specimen were used. Shallow siabs (those with 8
inches of concrete below the steel) were 4 feet by 8 feet In plan (Fig.
2.1Y. As many as three top covers were used on a specimen. One third

of each siab had a 3 Inch top cover. The remalning two thirds of the
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specimen were placed with a 3/4 inch top cover, one-half of which was,
on 11 slabs, eventually covered with a 2-1/4 inch overlay, In order ‘o
malntain a constant 8 inch depth below the reinforcement, the boitom of
the form was stepped down 2-1/4 inches in the third of the form cone-
taining the 3 Inch monolithic cover. Twelve dummy deformed bars (not
tested) were installed In the form to allow aggregate bridging, whlich
tends to restrict settlement.

Deep slabs (24 Inches of concrete below the steel) were 3 feet by 4
feet In plan (Fig. 2.2). The reduced pilan area was required because of
weight restrictions Imposed by the avallable [ifting capacity, Each
specimen had one cover type--3/4, 1, or 3 Inch monollthic or 3 inch two-
course--and contained 2 test bars and 4 dummy bars.

Test specimens were constructed using timber forms. 3/4 1Inch A-B
plywood was used as form sheathing for the shallow forms, while 3/4 Inch
B~B Plyform was used for the deep forms. The sheathing was protected
using 3 coats of polyurethane clear gloss finish.

Form sldes were butted against the form bases and held In posifion
using double 2 x 4 wales. Wales were connected with ties at each corner
and, on the shallow forms, transverse tles at the third points. Tles
consisted of 1/4 inch diameter all-thread rod.

The shallow slabs were reinforced with a bottom layer of #5 bars on
one foot centers, supported by 1-1/2 Inch chairs., The deep slabs were
reinforced with 4x4~3/4 - D16 x D16 welded wire fabric, supporfed on 4
inch chairs., Lifting Inserts were installed at each corner of the siabs
to allow the specimens to be transported. The Inserts projJected cut of

the ends of +the specimens, s0 as not to Interfere with the slab
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finishing operations.,

Test bars and dummy bars were supported at holes drilled through
the slde forms. Bonded lengths of the test bars were !imited by bond-
breaking col lars fabricated from polyviny! chloride (PVC) pipe, with an
Inside diameter just Ilarge enough +to accommodate the test bar (Fig.
2,3). Steel pipe was butted agalnst the unloaded end of ?heﬂ test bar
and coupled to the bar using a second plece of PYC plipe. The steel pipe
had the same outside diameter as the test bar. |ts purpose was to per-
mit access to the the test bar to obtaln uniocaded end slip measurements.
Couplings and bond-breakers were sealed agalnst mortar seepage using Dow
Corning Silicone Seal. Silicone Seal was applled between the PVC and
the test bar and al lowed to cure before concrete placement.

Test bars extended 22 inches from the faces of the test specimens.
These bars were held in place during concrete placement by supports con-
structed frém 2x4 dlmension lumber and plywood., The supports were In=
stalled 12 inches from the form sldes and connected to the forms using

plywood, on the shallow forms, or Zx4 braces, on the deep forms.

2.3 Test Bar Embedment Length

Inltlal embedment lengths used In the study were selected based on
the empirical bond relationship developed by Jimenez et al. (22), Eq.
1.4, using a steel stress of 60 ksi, a cover of 3 Inches, and a concrete
strength of 3000 psi. It was found In the early tests that i+ would be
difficuit to liml+ the concrete strength to 3000 psi and that the inl=-
t+ial embedments would have +to be adjusted to prevent ylelding of the

test bars with 3 Inch covers, Bars with 3/4 inch covers were, however,
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found to pull out at loads far below yleld., The embedment lengths were

therefore increased for bars with a 3/4 inch cover on some placements,

Takle 2.1 shows the embedment lengths used for each test bar. The
cover +type and consolidation method are also |isted for each bar. Bars
are numbered 1n order of pullout. Siabs and slab groups are numbered in

order of placement.

2.4 Materials
2.4.1 Congcretfe

The concrete used In all first course placements was supplled by a
local ready-mix concrete plant. Type | Portland cement and 3/4 Inch
nominal maximum size coarse aggregate (locally described as 1/2 inch
rock) were used. The ccarse aggregate was crushed |Imestone, and the
fine aggregate was Kansas River sand. Aggregate properties are |lsted
in Table 2.2. |

Overlay concrete was prepared in the laboratory using Type | ce-
ment, Kansas River sand, and 3/4 Inch maxImum size coarse aggregate.
The coarse aggregate for the overlays was obtalned by removing all
material retalned on a 3/4 Inch sleve from crushed !imestone obtained
from the same ready mix piant which provided the concrete for the first
course piacements. Mix designs for the first and second course cen-

cretes In each Slab Group are shown in Table 2.2.
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Concrete properties were tested In accordance with ASTM procedures.
Compressive strength specimens were prepared In accordance with ASTM C
31 {6), and concrete slump was measured per ASTM C 143 (7). Alr content
was measured using a volumetric alr meter (Rollameter) per ASTM C 173
(8., All flrst-course concrete was tested for bleeding using the stan-
dard bleed test per ASTM C 232 (9). Concrete properties for each Slab

Group are shown in Table 2.3.

2.4.2 Steel

ASTM A 615 Grade 60 relnforcing bars were used for all tests.
Stress-strain curves for the two bar sizes are shown in Fig. 2.4. The
deformation patterns for both sizes are shown [n Fig., 2.5, and deforma-
tion dimensions and bearing areas are shown In Table 2.4.

Deformation data were obtalned per ASTM A 615 (5), Deformation
bearing areas were calculated using rib heights measured at three polnts
along each rib and bar diameters measured at two locations. RIb heights
wore measured at the locations specified iﬁ ASTM A 615 (5). Bar
diameters (between ribs) were measured at the rib origins and at 90

degrees to the gap between the rlb orligins.

2.5 Pilacement

Specimen placement was an Important portion of +the study. Con-
struction procedures were selected to be as consistent as possible

within and between individual slab groups.
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The flrst course concrete was placed in the forms using a one cubic
yard bucket and an overhead crane., Shallow forms were filled in one
Ilff, and deep forms were filled In two {ifts (each |ift was vibrated
equal ly). Forms were filled with a one inch surcharge to aliow for
settiement during consol idation.

Because construction procedures were being compared within each
slab group, it was Important that the concrete within each group be con=
sistent. Placement procedures for the first two slab groups were found
to be inadequate and were therefore modified.

Siab Groups 1 and 2 were placed by completely fliling each form 1In
turn. Slab bleed +tests Indicated that the flrst concrete out of the
fruck bled more than the rest of the batch. To provide greater unlfor-
mity in later placements., a portion of each bucket of concrete was
placed in each form.

in the flrst two placements, consolidation was started as soon as
the flirst form was fllled. For the remalining placements, the fllled
forms were al lowed to rest for ten minutes before vibration was started,
Consolidation was obtained using 1-7/8 inch diameter Allen Engineering
Corporation Model AV1 pneumatic vibrators. Vibrators were rated at
11,500 vibrations per minute at 90 psl alr pressure. Vibrator amplltude
was 0.04 Inch, High density vibration was obtained using elther one or
two vibrators Inserted at one foot centers. Low density vibration was
achieved using a single vibrator inserted at two foot centers., With the
excepfioﬁ of Group 6, low density consolidation siabs were vibrated one
foot from each form side. The low density siab from Group 6 was

vibrated at the slab centeriine oniy. Vibrator patterns used for all
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shallow slabs ére shown in Fig. 2.6. The vibraTor'pa+?ern used for all
deep slabs is shown in Fig. 2.7. Vibrators were inserted rapidly, held
in place for 10 seconds In most slabs, and withdrawn siowly. The low
density vibration stab from Group 7 was vibrated untl| the surface began
to glisten (approximately 7 seconds), tndexing marks on both the
vibrator frame and the formwork were used to Insure correct vibrator
positioning. Consolidation of a siab Is shown In Fig. 2.8,

Slabs were hand screeded using a metal-edged screed. Two passes
were made, with screed travel perpendicular to the top reinforcement in
gach pass.

Immediately upon completion of screeding, tThe specimens were
floated using a magnesium bul! float. Bleed and settlement tests were
then started.

Speclal bleed tests for +the siabs used preweighed, 5-1/2 Inch
square paper towels (from the same lot). The towels were placed on the
surface of the concrete and covered with a glass plate fo prevent
evaporation (Fig. 2.9). When fully saturated, the towels were replaced.
The time on the surface was recorded for each pad. This provided data
on the amount of bleed water reaching the siab surface as a functlon of
the time after finishing. The tests were not soley a measure of bleed,
becausé I+ was clear that the pads drew water from the slab surface.
Since this occurred on all specimens, however, It was considered to be a
constant, Bleed +testing was conducted at both ends of the shallow

specimens and one end of the deep specimens,
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Settiement tests used linear variable differential fransformers
(LYDT!'s). Two inch sguare balsa wood pads were placed on the concrete
surface, and an LVDT core rod was al lowed to bear on the center of each
pad, as shown In Fig. 2.9. LVDT outputs were recorded by a Hewlett-
Packard data acquisitlon system at 30 second intervals.

Bleed and settlement tests continued for a minimum of 2 hours after
finishing. Following the +tests, +the slabs were covered with 4 mil
polyethylene wuntil a strength of 3000 psi was attained. The
polyethylene sheet was then removed, and the forms were stripped.

AT this point some of the slabs were overiaid, The first step In
overiay application was waterblasting tThe surface of the slabs. Sur=
faces were blasted until all traces of laltence and carbonation were
removed. The surfaces were aliowed to dry for two hours, and a 50 per-
cent sand=50 percent cement (by welght) grout was applied using a stTiff
brush, The water-cement ratios for the grout varied but were approx-
imately the same as used for the overlay concrete for each group. For
Group 8, a water reducing agent was added to the grout to compensate for
a lowered water-cement ratio. |In all cases, +the grout was the con-
sistency of thick cream.

Overlays for the first 7 slab groups had water-cement ratics of
0.44 and cement contents of €00 pounds/cubic yard. The Group 8 overlay
had a water cement ratio of 0.35 and a cement content of 835
pounds/cubic vyard. Group 7 and 8 overlays were mixed with Gifford-Hifl
PSI=-Super high-range water-reducer +to improve workablliity. Overlay
concrete was mixed in the laboratory in 0.07 cubic yard batches. Over-

lay concrete was placed on the wet grout and consolidated using a 1ZHD
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Razorback pneumatic vibratory screed manufactured by Allen Engineering
Corporation (Fig. 2.10), The screed rode on 2Z~1/4 inch high forms. The
overlays were then hand floated using a magnesium float to remove local
imperfections. Polyethylene sheets were applied to the surface im-
mediateiy after floating. Overlays were allowed to cure until a
strength of 4000 psi was attained or until the overlay strength was as
high as the flirst-course strength (one exception o this practice was
Group 6, where the overlay strength was only 2600 psi at the time of the
pulfout tests). Curing material was removed at least 5 hours before

pul tout tests were started.

2.6 Test Apparatus

The pul fout apparatus shown in Fig, 2.11 was used for' the bond
tests. The machlne was designed so that the test bar could be |oaded In
tension without placing the surrounding concrete In compression. Al
though the machine was designed for multiple bar pullout (2 maximum of
three #11 bars), It was used only for stngle bar pullout in this study.

In the single bar mode, the load was provided by two-60 ton holiow-
core rams powered by an Amsler hydraulic testing machine. Load was
transferred through two 1 inch diameter cold-rolled steel load rods.
Each load rod was instrumented with twe longitudinal and two fransverse
350 ohm straln gages. Load was transferred through rockers to two 2
inch by 5 inch cold~rolled steel plates, which transferred load through

a single rocker and wedge grip assembly to the test bar.
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The test machine was tied Yo the structural floor using two wide
flange beams and two Yension rods which extended through the structural
floor., The test slab was tied down in a similar manner, as shown In
Fig. 2.11,

Test bars were Instrumented at beth the lcaded and unloaded ends.,
At the loaded end, two LYDT's were attached to the test bar, 1-1/4
fnches from the exterior face of the concrete. Because each bar was
placed with a bond breaker at the vertical face, the distance from the
LVDT attachment +o the actual loaded end of +the bar was 5 inches.
Measurements +taken by +the LVDT's therfore included deformation of the
bar between The fwo points. A single LVDT was mounted on the projecting
end of the steel pipe embedded behind the fest bar. All LVDT core rods

were spring loaded so that movement of the bar would cause movement of

the core.

2.7 Bullout Tests

tEach slab group was tested during a 24 hour period at ages ranging
from 6 to 43 days. 6 inch x 12 inch compression test cylinders were
tested at the time of the bond tests fto determine the slab and overlay
strengths.

The two load cellis and three LVDT's were monitored using a Hewlett-
Packard data aquisition system. Bars were loaded at approximately 3.0
kips per minute, Load and {oaded end s!ip were plofted as the tests
progressed. During the first half of each fest, the load was monitored
at 10 second Intervals. As the bar reached ultimate, the sample inter-

val was reduced to 5 seconds.
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2.8 Core Jests

Four inch diemeter core samples were Taken from Groups 6 and 7.
Sampies were taken from the locations shown In Fig. Z2.12. Core density
and void percentage were determined using ASTM C 642 (10) oprocedures
with the following exceptions: DOry welghts were obtained using air
dried specimens rather than oven dried specimens. Saturated weights

after immersion were used In place of saturated weights after boiling.

2.9 Test Results
2.9,1 Plastic Concrete

Bleed results for each slab are presented in Figs, 2.132,20. Al
bleed plots are referenced to the completion of the finlshing operation
for each slab. Total bleed values at two hours are {isted In Table 2.5.

The bleed results were significantly affected by +the methed of
distribution of concrete among the forms. Because the concrete used was
Transit mixed in a t1l+ed mixer, some segregation occurred and the Ini=
Tlal discharge from the truck contained a higher percentage of mix water
than the later portions of the batch. The first form filled In Slab
Groups 1 and 2 displayed more bleeding than forms filled later. Group 3
also had one stab that had much higher bleed +than the others in the
placement.  Although some concrete from each bucket was placed In each
form during this placement, most of the first bucket ocut of +the +truck

was inadvertentiy placed in Slab 3a (Fig. 2,15},
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With the exception of Groups 1, 2, and 3, bleed varied only
stightly between individual slabs 1In a given group. For most of the
slab groups, bleeding was Initially rapid but slowed substantially after
80 minutes.

The small range of the LVYDT's used in +the measurement of siab
settiement (0.2 inches) made It difficult to place the LVDT's withlin
range on the plastic concrete. A number of LVDT outputs Indicated that
+he core was out of range and that the output was therefore not valid.
The valid settiements recorded at 2 hours for all siabs are |isted in
Table 2.5. An example of a valid settlement versus time curve Is shown
in Fig. 2.21,

Settlements were small for all slab groups and depths. At 2 hours,
the maximum Tfotal settlement recorded was only 0.012 inches (Slab 8b).
The lowest settlement , 0.003 inches, was recorded for the slab group
with 10 percent air content (Group 6). It was observed during this

placement that the slab surface swelled affer screeding.

2.9,2 Hardeped Concrete

Settiement cracking above the test bars was noted in 4 slab groups.
Cracks were noted above bars wi+h 3/4 inch cover in Slab Groups 2, 4, 5,
and 6. Group 2 contalned #8 bars and was placed with 8-1/2 Inch slump
concrete., The other three groups contained #5 bars.

Load versus loaded end siip and load versus unloaded end slip
curves are presented in Figs., 2.22-2.44, Each load-slip curve Is
tabeled with the test bar number. Bar numbers are |lIsted In Table 2.1,

with the cover and consoiidation method used for each. Concrete
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strengths for each slab group are shown in Table 2.3, Ultimate puilout
forces are summarized In Chapter 3,

For both bar sizes tested, the behavior and failure mode Iin the
pullout tests were dependent upon the cover. All fallures could be
described as splitting type failures, except those for #5 bars with 3
inches total cover, which rarely displayed any cracking.

#8 bars with 3/4 inch cover initially displayed longitudinal cracks
above the steei, These cracks started at the vertical slab face (above
the PVC bond breaker) and advanced toward the unioaded end of +he +est
bar, As +his longitudinal crack advanced, the crack growth rate in-
creased, and fransverse cracking appeared. As the ultimate load was at~
tained, the crack width increased and the top cover spalied away from
the bar. The spalling was accompanled by a rapid drop-off In toad, Ui-
timate loads were attained at relatively low unliocaded end slips as com~
pared to those for bars with 3 Inch covers (Flg, 2.22). After fallure,
vertical cracks were sometimes noted below the #8 fest bars at the slab
face.

#8 bars with 3 Inch cover displayed the same initial cracking
behavior as the bars with 3/4 inch cover; cracks advanced from the
loaded to the unlcaded end of the bar. When the crack had advanced to
the unloaded end of the bar, fransverse cracking was observed. In many
cases, longltudinal cracks progressed beyond the slab centerline. After
uftimate, the load did not fall off rapidly for the #8 bars with 3 Inch
cover., Instead, the load remained close to the ultimate, even at high
unloaded end sllips. For example, Fig. 2.24 shows that bars with 3 inch

cover sustalned high loads even at unfcaded end sl!ips above 0.035
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inches. At the completion of the tests, a crack was observed below the
bar in almost every case, This crack extended to the bottom of fthe
shallow slabs and approximately 2/3 of the distance fo the bottom of the
deep slabs. Typlcal crack patterns for #8 bars are illustrated In Fig.
2.45,

#5 bars with 3/4 Inch cover displayed longitudinal cracking and
some transverse cracking. The load remained near ultimate, even at high
unfoaded end slips, and there was no raplid drop in load (Fig. 2.31). No
spalling occurred,

#5 bars with 3 inch cover displayed little, if any, cracking. Bond
fallure was apparently caused by shearing of the concrete between the
lugs. Again, the load did not fall off raplidly at the ulfimate toad
(Fig. 2.34),

All bars displayed signlflicant loaded end siip before unloaded end
slip was noted. This was partially the result of elastic deformation of
the test bar over the 5 inch distance from the LVDT attachment To the
bonded portion of +the bar. Before failure, however, the unitoaded end
stIp Tncreased at approximately the same rate as the loaded end siip.
Bars with 3/4 1inch cover failed at lower loads than bars with 3 inch
cover, and bars with two-course cover normally failed at loads between
the faflure loads for the bars with 3/4 and 3 inch monollthic covers.

The pullout data for #8 bars with 3 inch cover (both two-course and
monolithic) indicate that the second bar puiled usually reached the max-
imum load at a lower siip than the first bar, The second bar also
disptayed a lower ultimate load. This was probably caused by the

tongltudinal crack which crossed the slab centeriine on some tests,
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Core samples from high density consolidation slabs had higher den-
sities and lower vold percentages than those from slabs consolldated
using low density consolidation, Table 2.6 presents the apparent
speciflc gravities and void percentages obtained from Group 6 and 7
shallow slabs. These results indicate that density was Increased by 4
and 2 percent, and void percentages were reduced by 3 and 5 percent,

respectively, when high density consclidation was used.
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Chapter 3

Evaluation and Discussion of Results

3.1 General

The test results described in Chapter 2 are used fo examine the ef=
fects of consolidation method and cover type on concrete-steel bond
strength and to compare bond values with those predicted by +the 1977 ACI
Code (4) and the 1977 AASHTC Specifications (1), by Jimenez et al. (22),
and by Morita and Fujil (29). Results are also used to determine the
effects of slump, bleed, and embedment length on concrete~steei bond.

Core sample measurements are used determine the effects of consclidation

method on concrete density.
3.2 Bond Forces

3.2.1 Ultimate Load

The ultimate loads are [isted In Table 3.1 and represent +he max-
imum recorded load for each test. Some bars yielded before reaching the
uttimate load. In addition, longitudinal splitting cracks crossed the
slab centeriine for most #8 bars with 3 inch covers. Therefore, only

the first #8 bar with 3 inch cover pulled from a siab was used In com

parisons.
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3.2.2 Unicaded End S1i{p Criteria

Stnce accurate ultimate toads could not be obtained for ali bars,
two other criteria for bond force comparisons were considered: a
selected loaded end slip, and a selected unicaded end sllp., The un-
loaded end slip was selected because the load obtained at a given loaded
end silp is dependent upon focal effects near the loaded end of the bar,
while the load obtained at a glven untoaded end slip Is more dependent
on the bond over the entire bonded length. There is also some question
as to where the actual "loaded end" is located.

Bond forces were obtained at unloaded end siips of 0.010 inches and
0.005 inches for +the #5 and #8 bars, respectively. These siip values
occurred before the ultimate load was atftained for all tests. in almost
all “tests, +the forces corresponding to these slip values exceeded 60
percent of the ultimate bond force.

The recorded unicaded end siip was not always a smooth function of
load, For some bars, such as bar 4 In Fig., 2.28, the end silp was Ini-
tially negative. This was probably caused by the movement of +the slab
relative +to the LVDT mounting. Other test bars, such as bar 55 in Fig.
2.36, disptayed a sudden positive slip before a significant load
developed. This could have been caused by Iimproper seating of the LVDT
core rod against the test bar.

The erratic behavior of the end slip for many test bars created the
need for a correction of the data. To make the correction, a maximum
load was selected at which zero slip would normalily be expected (this
was based on Jload-slip curves which showed a smooth transition

throughout the loading)., Loads of 1 and 10 kips were used for #5 and #8
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bars, respectively, and any recorded slip at 1 or 10 kips was considered
to be a shift in the data. The correction procedure is [liustrated in
Fig. 3.1.

Bond forces at 0,005 and 0.010 inch end slips are listed In Table

3.1, A few bars ylelded before reaching these siip values.

3.3 Normallzation of Data

Bond forces were converted to bond forces per unit length so that
comparisons could be made between Individual tests. The bond forces per
unit length were normal ized to a strength of 4000 psi and to embedment
lengths of 10 inches and 3-1/2 inches for the #8 and #5 bars, respec-
Tively.

Strength normaiization was accomplished using the assumption that
bond strength is proportional to the tensile capacity of The concrete,
which, In furn, is proportional to the square root of the compressive
strength. Bond values were, therefore, multipllied by /25567¥i « This
type of correcticn has been made by other researchers (20, 25, 35).

Length was normal ized assuming that total bond strength 1is not
directliy proportional to +the bonded Ilength. Eq. 1.5, developed by
Jimenez et al. (22), gives bond force as a nonilnear function of the
bonded length and was used to determine normalized embedment lengths,
which are presented in Table 3.2. Bond forces were divided by these

normallzed lengths. The normalized results are presented in Table 3.7,
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3.4 Evaluation of Test Results

3.4,1 Effect of Consolidation Method

The results Indicate that high densifty vibration Iimproves bond
strength in most cases and that the effectiveness of high density vibra-
tion is at least partially a funtlon of concrete sl|ump. in addition,
the core density measurements (ndicate that high density vibration
provides higher unit welghts and lower void contents than does low den-
slty vibration.

The improvements in bond strength obtained with high density vibra-
tlon are illustrated in Figs. 3.2 and 3.3 and Table 3.3 using "bond
vibration efficlency ratios", i.e,, the rattos of bond forces obtained
with high density vibration +to bond forces obtalined with low density
vibration, Comparisons are made for Slab Groups 2, 3, and 7, which alil
contained #8 bars. For each group, average bond forces for both con=
sof ldation methods were calculated, and these averages were used In the
calculation of the efficliency ratios.

The effliciency ratios for bond forces determined at a 0.005 Inch
unicaded end slip are shown In Fig. 3.2, which includes all data from
+the three slab groups. Overall, high density vibration provided a
higher bond force in 6 out of the 9 cases. An Increase in the effec-
tlveness of high density vibration with increasing siump is evident for
bars with 3/4 and 3 inch covers. For bars with 3/4 inch cover, the ef-
ficlency ratlios ranged from 0.96 to 1.11, with +wo~course cover, fhe

ratios ranged from .95 to 1.08, and with 3 inch monolithic cover, the

ratios ranged from 1,27 to 1.32.
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Fig. 3.2 clearly shows that high density vibration provided greater
benefit for bars with monolithic 3 Inch cover than for bars with either
3/4 inch or fwo-course 3 inch covers. While high density consolidation
does provide Increased concrete denslity, the formation of settlement
cracks In the *thin top cover may dominate for bars with a 3/4 inch ini-
tltal cover. These settliement cracks may allow early siip of the bars.
Test bars with 3 inch initial top cover, therefore, would benefit more
from Improved consolidation than Tésf bars with only 3/4 inch initial
top cover.

Fig. 3.3 illustrates the effect of siump on +he bond vibrafiﬁn ef-
ficiency ratios based on bond strength. Fig. 3.3 includes only the
valid data for the first 3 inch cover bars pulled from each slab, The
flgure indicates Increasing relative performance of high density vibra-
tlon with Increasing slump. The relative improvement provided by high
density vibration Is, however, much less at ultimate lcoad than It is at
sifp of 0.005 inch, being approximately the same for all +three covers.
i+ 1s Interesting to note +hat high density vibration provides the
greatest improvement in bond in the high siump concrete, which should
need the least amount of consolidaticn.

All three siabs in Group 1 were consolidated using high density
vibration. Two slabs were vibrated using double vibrators inserted at
one foot centers, and one slab was vibrated using a single vibrator In-
serted at one foot centers. For the 3/4 inch cover bars, the slab
vibrated with a single vibrator had an average sfrength of 1.04 Yimes
that for +the doubly vibrated slab (Note: due to problems discussed in

Section 3.2.1, valid strengths were not obtalned for bars in Group 1
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with 3 inch cover). This may be an indication of a silight overvibration
of +the doubly vibrated slabs.

White considerablie scatter exists, the results indicate +that high
density vibration also Improved +the bond strength for the #5 bars.,
Results for Groups 5 and 6 indicate that bond is improved by high den~
slty vibration, while the resuits for Group 4 indicate that the opposite
Is true. Figs. 3.4 and 3,5 Iliustrate the relative efficiencies of +the
two types of consolidation In improving bond strength at 0.010 inch end
siip and at ultimate load, respectively. As shown In Fig., 3.4, Slab
Groups 5 and 6, which had 2-3/4 and 4-1/2 inch slumps, respectively, had
efficlency ratios ranging from 1.06 to 1.35 for all cover ftypes. Slab
Group 4, with a stump of 3 Inches, however, had efflciency ratios
ranging from 0.83 +o0 0.86. The higher bleed characteristics of the
relatively stiff concrete used In Slab Group 4 may have had an effect
(Table 3.4}).

Within individual slab groups, the vibration density did not appear
to affect the bleed or the settiement of the concrete. The bleed test
results Indicate that Ilow density and high density consolidation
produced the same bleed resul+ts for 3 out of the 4 groups used for com-
parison (Table 3.4), Settlement test results were too |Imlited for com-
parlison. [f +the settliement Is expressed as a percentage of specimen
depth, the maximum recorded settiement was 0.15 percent, This is the
minimum settlement recorded by Welch and Patten (38). The seftlements
recorded In this study were therefore quite small. In effect, Internal

vibration provided low settlement in both the high and low density con=

figurations,
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3.,4.2 Effect of Cover Thickness and Tvpe

3.4.2.% General

Afmost without exception, bars with 3/4 inch cover had lower bond
strengths +han bars with 3 inch, two-course cover. Also, bars with 3
inch, two-course cover typically had lower unlt bond strengths than bars
with 3 Inch, monoliThic cover,

Figs. 3.6 ana 3.7 show the variation in normalized bond forces per
unit ‘leng+h at 0.005 inch end slip and ultimate, respectively, for #8
bars In shallow, high dené%fy vibration slebs as a function of siump and
cover. Flgs. 3.6 and 3.7 are limited fo Groups 2, 3, and 8, which had
similar concrefe strengths and embedment lengths, Figs. 3.8 and 3.9
show similar results at ultimate for tests from all high density and low
density vibration siabs, respectively. |In every case, the bond forces
for bars with 3 inch, two-course cover fall between those for bars with
3/4 inch cover and bars with 3 inch monollithic cover at both +the end
siip value and at the ultimate load.

Figs. 3.10 and 3.11 1llustrate the test results at 0.010 inch end
slip and ultimate, respectively, for #5 bars in high density vibration
slabs, Although considerable overlap exists for the three cover types
at 0.010 inch end slip, The bond strengths associated with the three

cover types clearly separate at ultimate (Fig. 3.11).
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3.4.2.2 Iwo-course yersys Monolithic Cover
Fig. 3.12 Illustrates the considerable varifetion In the bond

strength of bars witTh iwo-course covers as compared with those of bars
with monotithic covers. The ordinate in Flg. 3.12 s the ratio of the
bond strengths for the two cover types, while the abscissa is the ratlio
of the coverlay concrete strength to the first-course concrete strength.
The majority of bars with two-course cover have lower bond strengths
than those with monoiithic cover, Even in the case whers +the strength
of the overlay concrete is 1-1/2 times that of the first-course con-
crete, the bond strengths of the bars wlth two-course cover are only 92
percent of those of bars with monclithic cover.

Fig. 3.12 suggests that the bond strength achieved In fwo—-course
construction 1Is a function of +he strength of the overlay concrete. As
the ratic of the overlay strength +o the first-course strength in-
creases, the bond strength for fwowcourse construction approaches that
for monoli+thic construction. This is true for both bar sizes tested,
sven though the failure modes differ for #5 and #8 bars.

The lower bond strengths of bars in two-course decks, compared with
bars In monolithic decks (Figs. 3.6-3.12) probably result from a
weakened first-course cover produced by settlement cracks above The
reinforcement,. Even though settlement cracks were not noted above most
of the #8 test bars, they were noted above all of the #5 bars with 3/4
inch cover. The crack Incidences reported by Dakhil et al, (16) in=-
dicate that the #8 bars should have had more cracking than the #5 bars.
I+ 1s possible then, that although the cracks were too small to identify

on the #8 bar test slabs, they were present and influenced the bars with
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fwo-course covers,

The finishing operation also had an effect on +the concrete above
bars with low cover. IT has been observed that the coarse aggregate Is
worked away from the bar during the screeding operation. This would
have affected +he bond strength of bars with either the 3/4 inch cover
or the 3 inch, two-course cover.

The results also strongly Indicate that +he concrete~steel bond
strength achieved with fwo-course construction must be dependent upon
the bond between the first and second courses, Deiamination of the
second course will reduce +the bond strength to The bond strength ob-

tained with a fow firstcourse cover.

3.4.2.3 3/4 inch versuys 3 Inch Cover

The strengths of the bars with 3/4 Inch cover were approximately 50
percent of +those with 3 inch monolithic cover for both #5 and #8 bars
(Fig. 3.13). The test results indicate that the variation of bond with
changes in cover Is not |inear, as assumed by Jimenez (Egq. 1.5}, The
Jimenez equatlion was, however, developed from a data base In which the
maximum cover to bar dlameter ratio was 2.27. In this study, the max-
imum ratios were 3.0 for the #8 bars and 4.8 for the #5 bars. Jimenez
also assumed a splitting faliure. While This was the case for the #8
bars with 3 inch cover, the failure mode for the #5 bars with 3 Iinch
cover was a direct pullout and does not fit Jimenez's requirement that
faifure is accompanied by longitudinal splitting. The effect of cover

thickness does not appear to change markedly with concrete siump.
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3.4.3 Effect of Slump

Although it was not originally an objective of +this study, the
results confirm earlier work (25, 27, 39) indicating that Increased
slump will reduce bond strength.

The effect of slump on bond strength can best be shown wusing tThe
normai ized bond forces from Groups Z, 3, and 8, which all had #8 bars
with 10 inch embedment lengths and approximately 4000 psi concrefe. Fig
3,6 shows the puliout values at an end slip of 0.005 Inches for three
slabs conselldated using high density vibration. All ‘hree cover “Types
show & trend of decreasing bond with increasing slump (lines shown
through the data points are least-squares flts). Ultimate strengths for
+he same slabs are plotted In Fig. 3.7. 3/4 inch cover bars no longer
show a decrease in bond with slump. In facT, there is & slight in-
crease, Bond strengths for bars with fwo-course bonded constructlion are
below those for bars with 3 Inch monol ithic cover, and both continue +to
show a decrease In bond with an increase in slump. The decrease is ap-
proximately 2-1/2 percent per inch increase in slump.

I+ must be noted +hat Group 2 concrete, which had & slump of 8-1/2
Inches, was vibrated Immediately after being placed In the forms, while
Groups 3 and 8, which provide the closest comparison in terms of bonded
length and concrete sirength, were vibrated after a 10 minute delay.
Data obtalned by Davis et al. (17} show +that delayed vIibration can
provide improved bond over Immediate vibration, The delays in the Davis
study were 3 and 6 hours. Although 10 minutes is quite small compared
with 3 hours, the delay for Group 3 and Group 8 placements might have

been adequate to provide some of the improvement In bond over that ob-
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tained with Group 2. However, Fig. 3.8, which includes all valid ul=
timate bond values for all high density vibration slabs, confirms +the
trends evident In Fig., 3.7.

Data are foo |imited to reach any clear conclusions on the effect
of siump for the icow density vibration results [llustrated in Fig. 3.9.

The data for #5 bars show no clear frends, Only a limited range of
stump was available for the three test groups with #5 bars. There were
also wide variations In both bonded lengths and concrete strengths,
which may have been tco great for the normalization procedure used. Any
effects of siump have been overshadowed by these other factors (Fligs.
5.10 and 3.,11).

A definite correlation between bleed and slump exists for *this
series of Tests (Fig, 3.14). The trends of decreased bond with in-
creased slump could, therefore, be +trends of decreased bond with in-
creased bleed. Air contents ranged from 4-1/2 to 10 percent and are
noted beside each data point In Fig. 3.14. For +the range of alr con-

tents used, there is no apparent effect of alr content on bleed,

3.4.4 Effect of Depth of Specimen

Both AASHTO {1) and AC! (4) require a 40 percent increase in embed-
ment length for horizontally cast bars with more than 12 [nches of con-
crete cast below them. These bars are classified as top bars. Using
this definition, all +test bars cast with 24 inches of concrete below
them would be expected to have significantly lower bond strengths than
bars cast with 8 inches of concrete below Them. This was not found fo

be the case.
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The ratios of deep specimen bond strenrgth to shallow specimen bond
strength were calculated for the valid tests in Groups 7 and 8., The
results are shown in Teble 3.5. The bond strengths are very close, with
the exception of those in Group 7, which actually indicate a higher bond
strength with the deep specimen.

Menzel's tests (27) indicated that even for low stump, highly con~
solldated concrete, the depth of concrete below the top reinforcement
should have at jeast some affect on bond, Menzel's specimens were,
however, prepared sco +that they were the same size at the time of
testing. It is possible, then, that there is a geometry effect on the
bond results in the current study.

The vertical crack that was observed below the #8 test bars often
extended +o the bottom of the shallow stabs. White the vertlcal cracks
did not extend to the bottom of the deep siabs, they did grow +to more
than 8 Inches in length., Therefore, test bars in deep slabs actually
cracked more concrete than bars In shallow slabs. The additional energy
required to crack the deep slabs may have been reflected in the high
bond strengths for deep specimens. This fact does not reduce the
validity of +he results, since, in practice, deeper bridge decks will
have more concrete avallable to crack,

The current work indicates an approximate decrease in bond strength
of 2-1/2 percent per Inch increase in siump for top-cast bars with 8
inches of concrete cast below them (Fig. 3.7). Other research Indicates
a decrease in bond strength of 8~1/3 percent per inch increase in siump
for top-cast bars with 70 inches of concrete beiow them (25). This dif-

ference Indicates that the effect of slump may be more pronounced as the
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specimen depth is increased. Also, this comparison strongly suggests

that +he effect of the concrete depth below a bar will be more
pronounced as the slump Iis Increased. This  observation  seems
reasonable, since higher slump concretes will exhibit increased settle-

ment and increased bleed, both of which are expected +to reduce bond

strength.,

3.4.5 Effect of Bonded Length

A timited comparison can be made of bond force per unit fength ver-
sus bonded length. Fig. 3.15 shows normalized bond strengths for #8
bars with 3/4 inch cover at ultimate load, Fig. 3.16 shows normajized
bond forces for #5 bars with 3/4 inch cover at 0.010 inch unloaded end
slip. Both high and low density consclidatlion tests are included. As
has been shown in eariler work (19, 20), the bond force per unif length

fends to decrease wlth increasing embedment length.

3.5 Comparisons With Empirical Bond Equations

Ideally, the AC! (4) and AASHTO (1) bond requirements should be
conservative when comparsed with experimental data. This was not found
to be the case for all tests, Empiricaily derlived bond equations, such
as Eg. 1.5 and 1.6, must reflect the data used in thelr derivations,

They would, therefore, be expected to have good correlation with similar

data.
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For ACl and AASHTO comparisons, the bond force [s calcuiated using
elther Eq. 1.3 or 1.4. For #8 bars, the minimum bond force Is found
using Eq, 1.3, while for #5 bars, the minimum bond force is found using
£q. 1.4, Both the AC! Code (4) and the AASHTO Speciflcations (1) ailow
a 20 percent reduction in deveicpment length (equivalent to a 25 percent
increase in bond strength) for bars with a fateral spacing of at least &
inches. This factor was applied In the comparisons that fol low.

Fig. 3.17 tllustrates the ratios of test locads to ACI and AASHTO
loads for #5 and #8 bars with 3/4 inch and 3 inch monolithic covers.
The AC! and AASHTO requirements were found to be conservative for bars
with 3 inch covers with both bar sizes. While #8 bars with 3 inch cover
were found to have very conservative Code values (the lowest “est [oad
to code load ratio was 2.23), nelther the #8 bars with 3/4 inch cover
nor the #5 bars had overly conservative values. One #5 bar with 3/4
inch cover from Group 4 fell below the load calulated using Eq. 1.4.
Two other #5 bars had loads within 6 percent of +the calculated load.
One #8 bar with 3/4 inch cover from Group 7 was within 4 percent of the
load calculated using Eq. 1.3. Test bars from Group 4 were #5 bars with
5 Inch embedments and a concrete strength of 3570 psi, Test bars from
Group 7 were #8 bars with 15 inch embedments and a concrete strength of
4970 psi. The lack of conservatism for low cover, top~cast bars agrees

with earller observations made with respect to the 1963 ACI Building

Code (34).
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The ratios of test loads for bars with ftwo~course cover to ACI and
AASHTO locads are shown as functlons of first-course concrete strength in
Fig. 3.18. The ACI and AASHTC loads are conservative for both bar
sizes., The minimum test load to calculated load ratio was 1.43 for a #5
bar from Group &.

The Jimenez bond relationship, Eg. 1.5, was found to be conserva-
tive for 3/4 inch covers, but nct conservative for 3 inch covers (Fig.
3.,19). The lack of conservatism In the Jimenez relationship for 3 inch
covers s probably caused by the shift from a spliftting type fallure fo
a direct pullout for the #5 bars. The basic Jimenez relationship was
developed using an assumed splitting failure, and empirical fesT resuits
used to evaluate the constants [n the basic relationship were all from
splitting type fallures. The failure mode of #5 bars with 3 inch total
cover (direct puliout) therefore excludes them from valid comparison
with +the relationship. I+ is interesting to note, however, that test
loads for #8 bars with 3 inch cover show good aggreement the Jimenez
relattonship., #8 bars with 3 Inch cover did fail in a splitting type
mode.,

The bond refationship developed by Morita and Fujii, Eq. 1.6, also
was found to be conservative for bars with 3/4 inch covers, but produced
better results for bars with 3 inch covers and somewhat better results
overall +than the Jimenez relationship (Fig. 3.20). This relationship

was, however, derived using a wider data base than the Jimenez relation-

ship.
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3.6 Becommendations

The construction procedures currently in use for concrete bridge
decks were implemented primarily +Yo improve the deck quality and to
prolong the deck {ife, However, the procedures atso have both positive
and negative effects on the concrete-stee! bond.

The use of high density internal vibration results in improved bond
over low density consolidation In most cases. The procedure reduces the
percentage of voids in the concrete and can provide reduced permeability
when compared with low density consolidation (11). Continued use of the
procadure s reccmmended.

The continued use of low siump concrete (maximum 2-1/2 inches) for
the first course Is also recommended. The detrimental effect of In-
creased slump on bond is significant, The use of thorough consol [dation
with relatively Jlow siump concrete is an effective method of providing
Improved bond, especially In top-cast reinforcement.

In most cases, “Two-course construction results in lower beond
strengths +than monolithic construction.  Although the bond strengths
achleved with 2~course construction are conservative as compared with
ACl and AASHTO requirements, the data are based on tests using high-
strength, well-bonded overlays. Low strength, or poorly bonded overlays
wiii lead to much lower bond strengths, The current work indlicates that
bond strengths for reinforcement with only 3/4 inch cover can be less
than the current AClI {(4) or AASHTO (1) requirements. This Is nof only a
problem during the construction phase of a deck, but I+ can also be a
problem during the service phase, If delamination of the overlay occurs.

Continued use of two-course bonded deck construction Is only warranted
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if it can be shown that high-strength, wel! bonded overlays are used and

that the procedure results [n more corresion protection than 3  Inch

monolithic cover,

Longitudinal settlement cracking, longitudinal depressions, and ag-
gregate +tears in the concrete have been noted above the fop reinforce~
ment in first-course placements., All of these can be detrimental not
only +to the concrete~steel bond strength, but +o the durabliity of the
deck as well. Longitudinal settlement cracking has been shown to be a
function of +op cover (16). Longitudinal depressions and aggregate
tearing are brought about in the finishing operation and are probably
both caused by +the combination of a low cover with a refatively farge
maximum aggregate size. The current specifled first-course tTop cover is
the same as the specified nominal maximum aggregate size. The lack of
adequate spacing hetween the top reinforcement and the finishing equip-
ment causes the coarse aggregate to be worked away from the reinforce-
ment, resulting In depressions. |t also causes the aggregate particles
to be +trapped between The reinforcement and the finishing equipment,
resulting in Yearing of the concrete surface. The firsft~course cover
should be Increased to a 1 inch minimum, or 4/3 of the maximum size ag-
gregate, as Is recommended in ACH 211,1 (2). This would then allow the
use of 3/4 lnch maximum size aggregate. Fleld studies have shown that
instal ted concrete covers have a standard deviation of about 3/8 inch
(37).  Therefore, using a standard deviation of 3/8 Inch and assuming a
normal distribution, a design first-course cover of 1-1/2 inches would
provide that at least 90 percent of the top reinforcement would have the

{ inch minimum cover, The specified overlay thickness could then be
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decreased to 2 inches, [f required for economy,
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Chapter 4

Summary and Conclusions

4,1 Summary

The purpese of this investigation was to study the effects of high
density vibration and +two-course deck construction on concrete-steel
bond in concrete bridge decks. OCne hundred seventeen pullout tests were
conducted using #5 and #8 deformed bars. The major variables in the
study were the consol ldation method, the fop cover, and +the specimen
depth, Individual pullout specimens bhad either 8 inches of concrete
below the reinforcement and 6 test bars, or 24 inches of concrete below
the reinforcement and 2 +test bars. The fest results are compared to
evaluate the effects of the major test variables on concrete~steel bond.
The test results are also compared with bond values predicted by the ACI

(4) and AASHTC (1) bond requlrements, Jimenez et al. (22), and Morita

and Fujil (29).

4.2 Concluslons

The following conclusions are based on the “ests and analysis

described in this report:

1} Based on the experimental work, high density Internal vibration

provides Improved bond over low density Internal vibration.

2} 3 inch monollthic covers provide higher bond strengths +than 3

inch ftwo—~course covers.
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3/4 inch covers provide approximately 60 percent of +the bond

strength of 3 Inch monclithic covers,

The current AC| Building Code (4) and AASHTO Specification (1)
provisions are not always conservative for top-cast bars with

3/4 inch covers,

3 Inch fwo-course covers will provide adequate bond strength
only If high strength, well bonded overlays are used., For this
type of construction, increased cverlay strength will increase
the  bond strength, but equivalence +to bond strength in

monol ithic decks is difficult to attain.

Deep specimens made with stiff, well consolldated concrefe can
provide the same bond strengths as shailow specimens. However;

the data are very limited.

Increased concrete slump has & negatlve effect on The bond

strength of top-cast reinforcement.

4,3 Recommendations for Future Study

Although the current code provisions use only the depth of the con~

crete below the reinforcement as a criterion In defining a "rop bar',

the data from this and other studies tend to support the use of two

other criterla, slump and fop cover.
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The effects on bond of slump, top cover, and depth of concrete
beiow the reinforcement are interactive and cannot be guantified without
research considering all three simultanecusiy. Since the relative ef=
fects are of primary concern, It would be possible to determine the
retationships using smal ler specimens than were wused In The current
study.

Any relationships developed from & study considering all three
parameters could be applied To data obtained from more reaiistic tests
and specimens (for example, beam tests). All data used for a final em-
pirical bond relatfonship must, of course, be based on some cocmmon
datum. A reasonable datum would be results of tests using only bottom=
cast reinforcement in speclimens no more than 30 Inches deep. The in-
dependently derived relationship between cover, slump, and member depth
could then be applied fto obtain design reiationships.

Much confusion exists in the {iterature in the area of +the effect
of revibration on bond In concrete. Avallable test data are very
tImited and quite dated. There is, therefore, a need for new research
that wlll quantify the effects of revibration on bond, using current
deformed bars and realistic construction procedures,

The linear relationship between bleed and siump, combined with the
apparent independence of this relationship from air content, raises an
important question about one of the acknowledged major advantages of en-
trained alr: i.e., tThat it reduces bleeding, This suggests that some
additional work on the effects of entrained air and slump on bleeding

would be useful.
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Table 2.1 Test Bar Variables
Bar Embedment Total Cover Consolidation

Stab Number tength Cover  Type¥ Typet
in. in.

fc 4 12 3/4 1 H2
5 3/4 1
& 3 1
7 3 1
8 3/4 1

1b 9 12 3/4 1 H1
10 3/4 1
11 3 |
12 3/4 1
13 3/4 1
14 3 1

1a 15 12 3/4 1 H2
16 3/4 1
17 3/4 1
18 3/4 1
19 3 1
20 3 1

2c 39 10 3/4 1 L1
40 3 2
41 3 2
42 3/4 1
43 3 1
44 3 1

Zb 45 10 3/4 1 HZ
46 3 2
47 3 2
48 3/4 1
49 3 1
50 3 1

2a 51 10 3/4 1 H2
52 3/4 1
53 3/4 1
54 3/4 1
55 3 1
56 3 1

3a 21 10 3/4 1 H2
22 3 2
23 3 2
24 3/4 1
25 3 1
26 3 1

3¢ 27 10 3/4 1 L1
28 3 2
29 3 2
30 3/4 1
33 3 1
1
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Table 2.1 {(contlinusd)

Bar Embedment Total Cover Consolidaticon

Stab Number Length Cover  Type* Type+
in. in.
3b 33 10 3/4 1 H2
34 3/4 1
35 3/4 1
36 3/4 1
37 3 1
38 3 1
4h 57 5 3/4 1 H2
58 3/4 1
59 3/4 1
60 3/4 1
61 3 i
62 3 1
4a 63 5 3/4 1 L1
64 3/4 1
65 3/4 1
66 3/4 1
67 3 1
68 3 1
5b 69 3.5  3/4 ] M2
70 3 2
71 3 2
72 3/4 1
73 k] 1
74 3 1
5a 75 3.5 3/4 1 L1
76 3 2
77 3 2
78 3/4 1
79 3 1
80 3 1
6b 81 12 3/4 1 L2
82 3 2
83 3 1
84 3/4 1
85 3 Vi
86 3 1
ba 87 12 3/4 1 H2
88 3 2
89 3 1
g0 3/4 1
91 3 2
1

92 3
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fable 2.1 {continued)

Bar Embedment Total Cover Consolidation

Slab Number Length Cover  Type¥* Type+
In. In.
7a 93 15 3/4 1 M2
94 10 3 2
95 10 3 !
96 15 3/4 1
97 10 3 2
98 10 3 1
7b 99 15 3/4 1 {3
100 10 3 2
101 10 3 1
102 15 3/4 1
103 10 3 2
104 10 3 1
7c 105 10 3 1 HZ (D)
106 3 1
7d 107 15 3/4 1 H2 (D)
108 3/4 1
8a 109 10 3/4 1 H2
110 3 2
T 3 1
112 3/4 1
113 3 2
14 3 1
b 115 10 2 1 H2 (D)
116 3 i
8¢ 117 10 3 3 HZ2 (D)
118 3 3
8d 119 10 3 2 H2 (D)
120 3 2
¥ Cover Type Designations:
1 = Monolithic.
2 = Two~course w/ 3/4 inch first course.
3 = Two-course w/ 1 Inch flrst course.
+ Consol ldation Type Deslignations:
H1 = High denslity vibration using one vibrator.
HZ = High density vibration using two vibrators.
L1 = Low density vibration at two foot centers.
L2 = Low density vibration at the slab centerline at two foot centers.
L3 = Low density vibration at fwo foot centers for seven seconds.

(D) = Deep slab.
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Table 2.2 Concrete Mix Designs
(Cubic Yard Batch Welghts)

First Course Second Course
Concrete Concrete
Aggregate Aggregate
Slab Cement Water Flinet+ Coarse* Cement Water Finet Coarse*

Group # # # # # # # #
1 591 262 1470 1455 - - - -—
2 636 282 1381 1455 563 248 1491 1491
3 591 262 1470 1455 563 248 1491 1491
4 555 244 1545 1455 - -— -— -—
5 591 262 1470 1455 563 248 1491 1491
6 584 257 1484 1455 563 248 1491 1491
7 591 243 1515 1455 620 248 1447 1491
8 591 262 1470 1455 825 289 1316 1316

* Crushed |Imestone~~Hamm's Quarry, Perry, KS
Buik Speclfic Gravity = 2.52, Absorption = 3.5%,
Maximum size = 3/4 inch.

+ Kansas River sand--lLawrence Sand Co., Lawrence, KS
Bulk Speclific Gravity = 2.62, Absorption = (0.5%,
Fineness Modulus = 3.0,

Alr entraining agent--vinsol resin



Jzble 2.3 Concrete Properties

50

Stab First Course
Group Concrete
Stump Air  Bleed* !
In. % ml  psl
1 2-1/2 4-1/2 0 4510
2 8-1/2 9 10.8 3820
3 5-1/2 7 13.5 3970
4 3 7 3.5 3570
5 2-3/4 5 0 4910
6 4~1/2 10 2 4060
7 1=-3/4 5 0 4850
8 2-1/4 7 0 3970

* ASTM C 232, at 100 minutes.

Table 2.4 Test Bar Data

Bar Size

Deformation Spacing, In.
Deformation Helght, in.
Deformation Angle, deg.
Deformation Gap, in.
Nomlna! Weight, #/ff.
Deformation

Bearing Area, sq.In./in. length

Yield Strength, ksi
Tenslile Strength, ksi

Deformation Pattern~-Sheffield

Second Course
Concrete
Slump

in.

1/2
1/2
1/4
0
0
1/2

e
psi

-

5920
4380

5670
2600
5100
5350

#8
0.545
0.057
50
0.313
2.650

0.239
63.47
104,6

#5
0.345
0.040
50
0.125
1.010

0.162
60.23
101.0
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Table 2.5 Stab Bieed and Settlement

at 2 Hours
Consol idation Total Avg.
Stab Typet Bleed Settlement
an In.

1a HZ 14.4 0.010
1b H1 8.8 0.608
Te HZ 9.5 0.0C6
2a H2 57.3 0.G10
Zh HZ 43.5 No Data
2c L1 39.4 No Data
3a HZ 41.3 0.004
3b HZ 26.2 0.007
3¢ L1 28.2 0.009
43 L1 31.0 0.010
4b H2 29,0 No Data
5a L1 21.4 0.011
5b H2 17.9 0.009
6a H2 26.3 0.007
&h L2 26.0 0.003
7a H2 17 .7 0.010
7b L3 17.6 0.G11
Tc H2 (D) 18.3 0.005
7d H2 (D} 16.4 0.008
8a H2 11.1 0.011
8b H2 (D) 10.6 0.012
8¢ H2 (D) g.3 0.003
8d H2 (D) 11.6 0.005

+ See Table 2.1 for notation.
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Table 2.6 Core Test Results for
Slab Groups 6 and 7

Siab 6a 6b Ta 7h
Consolldation Methodt H2 L2 H2 L3
Core Numbers 2,6,7 8,9,10 13,14 15,16,17,18
Apparent Speciflc 2.16,2.08, 2.05,2.05, 2.24,2.26  2,21,2.19,
Gravities 2.14 2.04 2.25,2.17
(Average) (2.13) {2.05) (2.25) (2.21)
Percents Yoids 6.89,6.59, 7.30,7.22, 7.29,7.13 7.90,7.68,
7.45 7.12 7.28,7.58
{Average) (6.98) {(7.21) {(7.21) (7.62)

Ratio of Specific
Gravitlies++ 1.04 1.02

Ratio of Percents
Voids++ 0,97 0.65

+ See Table 2.1 for notation.
++ Ratio of average quantities from Migh Density and Low Density

Vibration slabs from the same Group.
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Table 3.1 Bond Forces

Concrete Normatized
Strength Bond Foress
(Siump, In.) Conscl- Embed- End Utt- Per Uni+ Length
Bar  Bar 1st Znd idation ment Total Cover Slip imate End Slip Uitimate
Sleb Mumber Size Course Course Typet Length Cover Type* Load® Load Load Load
pal pal in. in. kips kips Kkips/in. kips/in.
ic 4 48 4510 N.A. HZ2 12 3/4 1 29,3  35.3 2,36 2.48
5 (2-1/2) 3/4 i 32.3 35.2 2.560 2.84
& 3 1 45.8  55.4Y 3.69 4.55Y
7 3 1 46,3 48.3 3.73 3.89
8 3/4 1 29.4 31.4 2.37 2.53
15 9 8 4510 N.A, H1 12 3/4 1 31,0 33.1 2.50 2.67
10 (2-1/2) 3/4 1 37.0 37.8 2.98 3.05
11 3 1 49,5Y S57.5YT 3.99Y 4.54YT
12 3/4 1 33,5 34.3 2.70 2.76
13 3/4 i 37.8  38.2 3.04 3.08
14 3 H 46,6 47,9 3.7% 3.86
ta 15 #8 4510 MLA. H2 12 3/4 H 37.0  38.7 2.98 3.12
16 (2-1/2) 3/4 1 3.3 33.3 2.52 2.69
17 3/4 i 29.8  30.3 2.40 2.44
18 3/4 i 37.0 38.0 2.8%9 3.06
19 3 1 52.8Y 58.7Y7 4.26Y 4.57YT
20 3 1 43,8  51.3Y7T  3.33 4,13YT
2¢c 39 48 %820 5920 £t 10 3/4 1 19,1 22.8 1.85 2,33
40 (8-1/2} 3 2 25.3  39.1 2.58 3.99
41 3 2 28.0 37.8 2.85 3,84
42 3/4 i 21,3 27.1 2,17 2.77
43 3 1 29.0 43,1 2,96 4,40
44 3 i 22.0 35,2 2.24 3.59
Zb 45 #8 3820 5920 H2 10 3/4 1 1.8  26.8 2.02 2.73
456 (8-1/23 3 2 Z4.8  40.1 2.53 4.09
47 3 2 30,2 40.3 3.08 4,11
48 3/4 1 24,8  28.5 2,53 2.91
43 3 1 30.8  44.3 3.14 4,52
50 3 1 35.0 38.8 3,57 3.96
2a 51 8 3820 5920 HZ 10 3/4 1 24,0 26.8 Z2.44 2.74
52 (8-1/2) 3/4 1 22.0  25.9 2.24 2.64
53 3/4 1 22.8 24.6 2,33 2.5
54 3/4 1 21.6 24.3 2.20 2.47
35 3 1 34.0  46.1 3,47 4.70
55 3 1 33.8 40,0 5.45 4.08
3a 21 #8 3970 4380 H2 10 3/4 1 24,2 23.8 2.42 2.58
22 (5-1/2) 3 2 0.8 42,9 3.08 4,29
23 3 2 26.3 41.4 2.63 4,14
24 3/4 1 23.5  29.7 2.35 2.87
25 3 1 42,0 47.3 4.20 4.73
26 3 1 38.5 43.8 3.85 4,36
3¢ 27 #8 3970 4380 L1 10 3/4 1 23.8 28.2 2,38 2.62
28 {(5=-1/2) 3 2 29.3 43,8 2.93 4.38
29 3 2 30.5  39.4 3.05 3.94
30 3/4 1 28.5  30.0 2.83 3.00
3 3 1 34,0 4B.6 3,40 4.85
32 3 1 2%.8 41,5 2.98 4,15
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Table 3.1 (continued)

Concrete Mormallzed
Strength Bond Forces
(Stump, in,} Consol- Embed~ Eng Uit=  Per Unit Length
Bar Bar 1st 2nd idation ment Total Cover Slip imate End Slip Ultimate
Siab Number Size Course Course Typet Length Cover Type* Load® Load Load toad
psi psi in.  in. kips kips Kkips/in. kips/in.
3b 335 48 3970 4380 HZ 10 3/4 ¥ 28.8 31.2 2.88 3.2
34 (5-1/2) 3/4 i 28.0  31.3 2.80 3.13
35 3/4 1 28.5 31.0 2.85 3.10
36 3/4 t 28,5 29.4 2.85 Z2.94
37 3 1 34.3 47.8 3.43 4.78
38 3 1 39.0 45.5. 3.90 4,55
4b 51 #5 3570 N.A. H2 5 3/4 1 6.10  8.17 1.34 1.79
58 (3} 374 1 5.0 7.00 1.21 1.54
59 3/4 1 6,30 8.43 1,39 1,88
60 3/4 1 7.33  8.55 1,61 1.88
61 3 ! 7.88 13.6 1.74 3.00
62 3 1 5.75 11.8 1,27 2.3%
d4a 63 #95 3570 N.A. L 5 3/4 1 5.80 8.39 1.28 1.85
G4 {3) 3/4 1 6.55 8.03 1,44 1,77
65 3/4 1 10,2 10,9 2.2% 2.40
66 3/4 1 8.00 9.4 1.75 2.07
67 3 1 17.2 18.2Y 3.78 £,01Y
68 3 1 8.00 14.4 1.76 3.17
5b 69 #3 4510 5670 H2 3.5 3/4 1 9.75 10.8 2,50 2.77
70 (2-3/4} 3 2 10.3 17.6 Z2.64 4.54
71 3 2 13.0 17.9 3.35 4.8
72 374 ! 0.9 11.1 2.80 2.86
73 3 1 t2.5 2%.2Y 3.22 5.46Y
74 3 1 8.40 14.9 2.16 3.83
5a 75 #3 4910 5670 L1 3.5 3/4 1 7.13 8.68 1.84 2.73
78 {2-3/4} 3 2 8,55 13,9 2,20 3.58
77 3 2 11.4 15.0 2.92 3,87
78 3/4 1 8.20 9.24 2.1 2.38
79 3 1 7.00 14.4 1.80 3,70
80 3 1 10.0 15.5 2.57 3.98
6h 81 # 4060 2600 L2 12 3/4 1 17.3 18.2 1.71 1.81
82 (4-1/2) 3.5 3 2 5.60 8.93 1.58 2.53
83 3.5 3 1 6,35 11,0 1.80 3.12
a4 12 3/4 1 19.0Y 20.4Y  1.88Y 2.02Y
85 3.5 3 2 5.5  7.74  1.57 2.19
86 3.5 3 ] 6.75 9.50 1.91 2.68
Ga 87 # 4060 2600 H2 12 3/4 1 17.3 18,0y 1.72 1,88Y
as (4-1/2} 3.5 3 2 7.00 10.9 1.98 3.09
89 3.5 3 1 7.75 12.5 2.19 3.54
Q0 12 /4 1 21.9Y 22.53Y 2.13Y 2.23Y
gt 3.5 3 2 6.30 9.66 1.78 2.23
92 3.5 3 1 g.40 13.2 2.65 3.74



Iable 3.1 {coatinued}

Slap

7a

7b

Te
T4

Ba

8b

3¢

Concrete Norma!lized
$trength Bond Forces
(Stump, in.) Consoi- Embed- End Utt=- Per Uni+ Length
Bar  Bar 1s¥ 2nd  idation ment  Total Cover Slip  imafe End Slip Ultimate
Number Size Course Course Typet Length Cover Type* Load® Load Load Load
psi P& ip. in. kips  Kkips Kkips/in. kips/in.
93 48 4930 3100 H2 15 3/4 1 40.5  41.3 2.62 2.66
g4 (1-3/4) {10 3 z 40.0 47,5 3.60 4.23
95 16 3 1 44.7 48.9Y 4,04 4.42Y
56 i35 3/4 1 30,3 34.0 1.95 2.19
97 10 3 2 40.4  48.9Y  3.64 4.47Y
93 1¢ 3 1 41,3 47,7 3.72 4.30
99 48 4950 5160 L3 15 3/4 1 34.1  36.2 2.19 2.33
100 {(1-3/4) 10 3 2 35.2  50.1Y 3,17 4,51
101 10 3 1 32.5 48,0 2.93 4,32
102 15 3/4 1 40.0  40.1 2.37 2.58
103 10 3 2 39.8  46.21 3.59 4,161
1G4 10 3 1 38.3 43.6 3.45 3.93
105 #8 4950 5100 H2 10 3 ¥ 44.2 53,7 3,98 4.84Y(D
106 (1-3/4) 3 ¥ 37.5 54.8Y  3.38 4.91Y(D)
107 #8 4950 5100 HZ2 15 3/4 i 45.8 48.1 2.95 3.10(0}
108 3/4 1 44,4 45.4 2.86 Z.92{D
109 #8 3976 5350 Hz2 10 3/4 1 23.8 27.2 2.38 2.72
10 - (2-1/4) 3 2 33.3  4B.5 3.33 4.83
111 3 1 38.3  49.2E 3.83 4,92E
112 3/4 i 27.0  28.4 2.70 Z2.84
13 3 2 37.5  43.0 3.75 4.30
114 3 1 38.3 48.3 5.83 4,863
115 48 3970 5350 HZ2 10 3 1 38.0 486.2 3.80 4.62(DY
116 (2-3/4) 3 1 30.8 45,5 3.08 4.55(D)
17 #3 3970 5350 HZ 10 3 3 36.5 47.1 3.65 4,71(D}
118 (2-1/4) 3 3 28.56 48.4 Z.86 4,34(D)
119 #8 3970 5350 H2 10 3 2 42.5 45.8 4,25 4.68(D}
120 (2-1/4) 3 2 21.3  48.4 2,43 4.84(D)
® End slip = 0.005 inches for #8 bars and 0.010 for #5 bars.
* Cover Type Designations:
1 = Monolithic.
2 = Two-coursa w/ 3/4 inch first course.
3 = Two-course w/ 1 inch first course.
+ Consolidation Type Designations:
H1 = High densify vibration using one vibratoer.
H2 = High density vibration using two vibrators.
L1 = Low density vibratlon at +two foot centers.
L2 = Low density vibration at the siab ceaterline at fwo foot centers.
L3 = Low density vibration at twe foot centers for seven seconds.

Y after ioad indicates pullout force excesded yield strength.
YT is same as Y, but joading terminated before pullout,

t after focad indicates iocading rate = 10 times normal rate.
(0} after load indicates deep siab.

£ after (oad Indicates estimated value bhased

on single load ¢sli output.
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Table 3.2 Length Normalization

Actual Normal fzed
Bar Size Embedment Embedment
...i.......' i_u.-
#8 10.0 10.0
2.0 1.7
15.0 14,0
#5 3,5 3.5
5.0 4,83
12.0 9,98

Jable 3.3 Bond Vibration Efficlency Ratics
(Ratio of Bond Strengths for High Density

Vibration to Bond Strengths for
Low Density Vibratlon)

End Si1ip Valuet+ Ultimate Force Value®

Bar Group Slump Cover Type¥ Cover Type*
Size # ln. 1 2 3 1 Z 3
#5 4 3 0.83 0.86 0.88 0.88
5 2=-3/4 1,35 1,16 1,23 1.22 1.23 1,11
6 4~1/2  1.06 1,19 1.32 Y 1.23 1.25
#8 2 8-1/2 1,11 1.063 1,32 1.05 1.02 1.08
3 5-1/2 1,00 .95 1,27 1,05 .98 .98

7 1-3/4 .96 1,08 1.28 .99 Y Y

End slip = 0,005 inches for #8 bars and 0.010 for #5 bars,
Y indicates yield In one or more test bars.

Cover Type Designations

3/4 inch monotlithic cover.

3 Inch two~course cover.

3 inch monolithic cover.

W e % 8 +

ion o
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able 3.4 Bleed for Slabs
With Wel I=Distributed Concrete

Group Vibration Method
Number Low Density High Densifty
anm £n
4 28.84 29.01
5 21.37 17.87
o) 26.02 26.30
7 17.25 17.74

fable 3.5 Comparison of Bond Strengths for
Deep Slabs and Shallow Slabs

Uitimate
Group Bar Embedment Bond Force Deep/Shai low
Number  Size Length Cover Desp  Shallow Ratio
in. In. kips klips
7 #8 15 3/4 48.1(F) 41,3(F) 1.16
8 #8 10 3/442-1/4 46.8(F) 48.3(F) 0.97
8 #8 10 3 45,5(S) 46.,3(8) 0.98

(F)--First Bar Pulled for a given cover.
(S)--Second Bar Pulled for a given cover.
{(First bar data lcst for shallow slab in Group 8)
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Fig. 1.3 Llongitudinal Cracks over the Reinforcement within the Firs?
Course of a Deck.
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Fig. 2.10 Overlay Consolidation Using Vibratory Scresd.
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Fig. 2.45 Shallow Slab with

#8 Test Bars After Test.
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Appendix A

Notaticn
minimum cover (inches)
bar dlameter {Inches)

concrete compressive sirength
(peunds per sguare inch)

embedment length (Tnches)

total ultimate bond force based on
ul+imate average bond stress {pounds)

total ultimate bond force based on

1977 ACI (4) and 1977 AASHTO (1)

bond requirements for #11 bars and smal fer
(pounds)

total ultimate bond force derived by
Jimenez et al. (22) (kips)

total ul+timate bond force derived by Morita
and Fujii (29) (kips)

ulitimate average bond force per unit length
{pounds per inch)





