NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
REPORT

REVIBRATION OF
RETARDED CONCRETE FOR
CONTINUOUS BRIDGE DECKS

HIGHWAY RESEARCH BOARD
NNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN



HIGHWAY RESEARCH BOARD 1970

Officers

D. GRANT MICKLE, Chairman

CHARLES E. SHUMATE, First Vice Chairman
ALAN M. VOORHEES, Second Vice Chairman
W. N. CAREY, JR., Executive Director

Executive Committee

F. C. TURNER, Federal Highway Administrator, U. S, Department of Transportation (ex officio)

A. E. JOHNSON, Executive Director, American Association of State Highway Officials (ex officio)
ERNST WEBER, Chairman, Division of Engineering, National Research Council (ex officio)

DAVID H. STEVENS, Chairman, Maine State Highway Commission (ex officio, Past Chairman, 1968)
OSCAR T. MARZKE, Vice President, Fundamental Research, U. S. Steel Corporation (ex officio, Past Chairman, 1969)
DONALD S. BERRY, Department of Civil Engineering, Northwestern University

CHARLES A. BLESSING, Director, Detroit City Planning Commission

JAY W. BROWN, Director of Road Operations, Florida Department of Transportation

J. DOUGLAS CARROLL, JR., Executive Director, Tri-State Transportation Commission, New York
HOWARD A. COLEMAN, Consultant, Missouri Portland Cement Company

HARMER E. DAVIS, Director, Institute of Transportation and Traffic Engineering, University of California
WILLIAM L. GARRISON, School of Engineering, University of Pittsburgh

SIDNEY GOLDIN, Consultant, Witco Chemical Company

WILLIAM J. HEDLEY, Consultant, Program and Policy, Federal Highway Administration

GEORGE E. HOLBROOK, E. I. du Pont de Nemours and Company

EUGENE M. JOHNSON, President, The Asphalt Institute

JOHN A. LEGARRA, State Highway Engineer and Chief of Division, California Division of Highways
WILLIAM A. McCONNELL, Director, Operations Office, Engineering Staff, Ford Motor Company

JOHN J. McKETTA, Department of Chemical Engineering, University of Texas

J. B. MCMORRAN, Consultant

D. GRANT MICKLE, President, Highway Users Federation for Safety and Mobility

R. L. PEYTON, Assistant State Highway Director, State Highway Commission of Kansas

CHARLES E. SHUMATE, Executive Director-Chief Engineer, Colorado Department of Highways

R. G. STAPP, Superintendent, Wyoming State Highway Commission

ALAN M. VOORHEES, Alan M. Voorhees and Associates

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Advisory Committee

D. GRANT MICKLE, Highway Users Federation for Safety and Mobility (Chairman)
CHARLES E. SHUMATE, Colorado Department of Highways

ALAN M. VOORHEES, Alan M. Voorhees and Associates

F. C. TURNER, U. S. Department of Transportation

A. E. JOHNSON, American Association of State Highway Officials

ERNST WEBER, National Research Council

DAVID H. STEVENS, Maine State Highway Commission

OSCAR T. MARZKE, United States Steel Corporation

W. N. CAREY, JR., Highway Research Board

General Field of Materials and Construction
Area of Concrete
Advisory Panel DI18-1

FRANK E. LEGG, JR., University of Michigan (Chairman)

T. R. JONES, JR., Vulcan Materials Company

PAUL KLIEGER, Portland Cement Association

H. H. McLEAN, New York State Department of Transportation
R. L. PEYTON, State Highway Commission of Kansas

R. E. PHILLEO, Department of the Army

H. B. RUSHING, Louisiana Department of Highways

R. H. BRINK, Federal Highway Administration

R. E. BOLLEN, Highway Research Board

W. G. GUNDERMAN, Highway Research Board

Program Staff

K. W. HENDERSON, JR., Program Director

W. C. GRAEUB, Projects Engineer HERBERT P. ORLAND, Editor

J. R. NOVAK, Projects Engineer ROSEMARY S. MAPES, Editor

H. A. SMITH, Projects Engineer CATHERINE B. CARLSTON, Editorial Assistant

W. L. WILLIAMS, Projects Engineer L. M. MAcGREGOR, Administrative Engineer



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 1
REPORT

REVIBRATION OF
RETARDED CONCRETE FOR
CONTINUOUS BRIDGE DECKS

H. K. HILSDORF AND J. L. LOTT
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS

RESEARCH SPONSORED BY THE AMERICAN ASSOCIATION
OF STATE HIGHWAY OFFICIALS IN COOPERATION
WITH THE FEDERAL HIGHWAY ADMINISTRATION

SUBJECT CLASSIFICATIONS: DEC ,l P 1q/u
BRIDGE DESIGN - O 1Jdly
CEMENT AND CONCRETE A

LIBRARY

CONSTRUCTION
CONSTRUCTION AND MAINTENANCE EQUIPMENT

HIGHWAY RESEARCH BOARD
DIVISION OF ENGINEERING NATIONAL RESEARCH COUNCIL
NATIONAL ACADEMY OF SCIENCES—NATIONAL ACADEMY OF ENGINEERING 1970



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing
highway administrators and engmeers. Often, highway
problems are of local interest and can best be studied by
highway departments idividually or in cooperation with
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
complex problems of wide terest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research.

In recognition to these needs, the highway administrators
of the American Association of State Highway Officials
initiated m 1962 an objective national highway research
program employing modern scientific techmques. This
program is supported on a continuing basis by funds from
participating member states of the Association and it re-
ceives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board’s recognized objectivity and understanding of
modern research practices. The Board 1s umquely suited
for this purpose as: it maintains an extensive committee
structure from which authorities on any highway transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local
governmental agencies, universities, and industry; its rela-
tionship to its parent organization, the National Academy
of Sciences, a private, nonprofit institution, is an insurance
of objectivity; 1t maintains a full-time research correlation
staff of specialists 1n highway transportation matters to
bring the findings of research directly to those who are in
a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway depart-
ments and by committees of AASHO. Each year, specific
areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Officials. Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have sub-
mitted proposals Administration and surveillance of re-
search contracts are responsibilities of the Academy and
its Highway Research Board

The needs for highway research are many, and the
National Cooperative Highway Research Program can
make significant contributions to the solution of highway
transportation problems of mutual concern to many re-
sponsible groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.
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FOREWORD

By Staff

Highway Research Board

This report is recommended to design, construction, and maintenance engineers, and
also to specification writers, researchers, and others concerned with concrete bridge
deck durability. It contains evidence based on laboratory and field experiments that
surface cracks and internal cracks at the level of the top reinforcement in plastic
bridge deck concrete can be closed by the relatively easy and inexpensive technique
of surface revibration.

Transverse, longitudinal, and horizontal plane-of-weakness cracking of con-
tinuous concrete bridge decks can be caused by changes in deflection and rotation
over supports during construction, in addition to the possible effect of restraint to
subsidence afforded by the top reinforcing steel. It is generally felt that such crack-
ing is of significance with respect to the development of spalling. It was felt that
revibration of retarded concrete could be useful in eliminating such occurrences in
continuous bridge decks placed in one operation.

The University of Illinois approach to this research was first to conduct a survey
to determine the extent to which delayed vibration or revibration has been used in
placing bridge deck concrete. Following the survey, the researchers conducted a
series of laboratory tests to determine the influence of revibration in closing surface
cracks and internal cracks at the level of the top reinforcement in simulated
reinforced concrete bridge decks. A portion of the experimentation was devoted
to determining the effects of revibration on durability and finishing. In addition to
the laboratory work, three bridges, or portions of bridges, were actually revibrated
in the field to ascertain the feasibility of this technique. The report carefully details
the equipment that was used for revibration, when to revibrate, and the possible
benefits to be dertved within the limitations of the parameters studied in this
research,

The research findings include evidence that indicates that revibration is a
promising technique that can be used now. On the other hand, the state-of-the-art
in predicting the long-term effects of revibration is such that it precludes an estimate
of the long-term benefits, if any. If one is prepared to accept the premise that surface
and interior cracks in a bridge deck slab expedite spalling, and, further, to assume
that if the cracks are eliminated spalling can be controlled, perhaps revibration is
ready to be used as a construction technique. There are, of course, unanswered
questions concerning equipment design, basic mechanisms of compacting concrete,
and the economics of utilizing revibration.
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SUMMARY

REVIBRATION OF
RETARDED CONCRETE FOR
CONTINUOUS BRIDGE DECKS

Surveys of existing structures indicate that transverse cracks in bridge deck concrete
are of significance with respect to bridge deck deterioration after exposure to freez-
ing and thawing and deicing agents. Transverse cracks may be formed or initiated
already in the fresh concrete, and may be caused by changes in deflection and rota-
tions over supports during construction, owing to the dead weight of the concrete.
An additional cause of cracking of concrete can be the restraint of subsidence due to
bleeding of the fresh concrete afforded by the top reinforcing steel.

Laboratory studies were conducted to investigate the effectiveness of revibra-
tion of concrete in repairing cracks several hours after it was placed. In addition, the
effect of revibration on concrete durability was investigated, and field experiments
were conducted to verify the results from the laboratory tests and to investigate the
feasibility of revibration in bridge deck construction. The laboratory tests showed
that surface revibration with a vibrating screed is an effective method to close flex-
ural cracks on the concrete surface as well as subsidence cracks at the level of the top
reinforcement and internal cracks that do not penetrate to the concrete surface.
Surface revibration is effective to a depth of at least 4 in. from the concrete surface.
Revibration could be conducted successfully in the laboratory as long as the penetra-
tion resistance of the concrete according to ASTM C 403-68 did not exceed a value
of 60 psi. Most concretes will reach this value approximately %2 hr to 1 hr prior
to initial set (defined as the time at which penetration resistance reaches 500 psi.) If
properly conducted, surface revibration results in a smooth concrete surface so that
no additional finishing after surface revibration, except belting and brooming, is
required. Compressive strength and abrasion resistance of concrete were little
affected by revibration. However, after surface revibration a slight increase of the
spacing factor of air voids close to the concrete surface was observed.

Accelerated freezing and thawing tests on concrete surfaces exposed to deicing
chemicals showed no significant difference in surface scaling of revibrated and non-
revibrated concrete. However, it is likely (although not proven in laboratory experi-
ments) that surface revibration will improve the resistance of concrete against
surface spalling.

Portions of three bridge decks were revibrated approximately 2 hr after the
concrete was placed. It was shown that the entire width of a bridge deck can be
revibrated with a vibrating screed in a continuous operation. The screed should be
designed in such a way that its profile can be adjusted to match the profile of the
deck prior to revibration. In addition, provisions should be made that during
revibration the screed does not float freely on the concrete surface. Under these
conditions surface revibration of bridge decks can be conducted successfully and no
extensive finishing after revibration is required.



CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

STATEMENT OF THE PROBLEM

The deterioration of reinforced concrete bridge decks has
been of much concern to highway engineers, researchers,
and administrators throughout the United States, The fre-
quent repairs of bridge decks that are necessary (particu-
larly in urban areas with heavy traffic, and in regions with
more severe climatic conditions) are costly. The public
inconvenience because of temporary closing of highways
is of equal concern.

Several surveys of deteriorated bridge decks in various
parts of the U.S. (/, 2, 3, 4) have been conducted during
recent years. Various research programs on this subject
have been carried out or are presently under way. For
example, a detailed literature review is given by Callahan
et al. (5). The many bridge deck surveys and research
studies have indicated that bridge deck deterioration was
not limited to one cause or type of distress. However,
spalling of the concrete surface and deterioration starting
from transverse cracks in the bridge decks were the most
common types of deterioration.

In most cases, concrete deterioration may be traced back
to one of the following:

1. Use of unsound ingredients in the concrete mix.

2. Inadequate air void system of the surface mortar of
the bridge deck.

3. Transverse cracking at locations of transverse re-
inforcement.

These deficiencies are particularly detrimental when de-
icing agents are used and when the concrete cover above
the top reinforcement is too thin. The use of unsound
ingredients is of least significance masmuch as it can be
controlled the easiest. An inadeqaute air voids system of
the surface mortar may be caused, for example, by too low
an mtial air content of the concrete mix. Overfinishing,
sprinkling of water on the surface during the finishing
process, or late finishing may have similar effects.

Cracking of the bridge deck may lead to concrete de-
terioration if water can easily penetrate the crack and re-
saturate the adjacent concrete. More important, however,
is the fact that moisture may penetrate through the cracks
to the top reinforcement. The use of deicing salts, particu-
larly, may cause the reinforcement to corrode. Because of
the expansive nature of the corrosion products the concrete
cover will be subjected to high stresses 1n planes parallel to
the concrete surface. These stresses may eventually lead
to the propagation of horizontal cracks and subsequent
spalling of the concrete cover, particularly if its thickness
is inadequate (5).

The formation of transverse cracks in bridge decks may
be attributed to a variety of causes, They may be the result
of flexural stresses due to the dead weight or vehicle load-

ing m the negative-moment region of continuous bridge
decks. It 1s generally assumed, however, that such load-
induced transverse cracks occur comparatively infrequently
(5). Shrinkage of the hardened concrete may contribute
to transverse cracking. However, the formation of cracks
while the concrete still is in a plastic state seems to be of
more importance;

1. Early shrinkage of the cement paste is restrained by
aggregates or steel reinforcement; this results in tensile
stresses and subsequent cracking of the fresh concrete,

2. Deflections and rotations of the formwork or of the
supporting structure of the bridge deck due to the dead
weight of concrete may cause stresses in fresh concrete. In
the case of continuous concrete decks, tensile stresses de-
velop 1n the top fibers near the supports, which may lead
to transverse cracking (25).

3 The top reinforcing steel may cause restraint to sub-
sidence due to bleeding of the fresh concrete, particularly
in deeper slabs. Such restraint may result in the formation
of horizontal plane-of-weakness zones or cracks as well as
vertical cracks extending from the top reinforcement to the
surface of the concrete bridge decks. Formation of planes
of weakness may be enhanced by surface crusting that is
likely to occur at high temperatures and high wind veloci-
ties during casting.

OBJECTIVE

It has been suggested that cracks that develop in the fresh
concrete due mainly to formwork deflection, but also due
to restraint of subsidence, may be repaired by revibrating
the concrete after most of the bridge deck has been cast.
It was hoped that such revibration might significantly im-
prove the durability of reinforced bridge decks. Because
revibration should be carried out after most of the concrete
in a certain segment of the structure has been placed, the
use of retarded concrete would be essential to make re-
vibration effective and to minimize the required revibration
energy. The effectiveness of retarders to prevent cracking
during construction of a bridge deck has been shown by
Britton (25), for example.

The main objective of this investigation was to study the
feasibility of this suggested construction practice.

RESEARCH APPROACH
Phase 1

Phase 1 of this study was a survey of current engineering
practices regarding revibration or delayed vibration of
bridge deck concrete, Forty-nine highway departments in
the United States and six highway departments in Canada
responded.



Phase 2

Phase 2 was a laboratory study to investigate the effective-
ness of revibration 1n closing cracks 1n reinforced concrete
slabs while the concrete 1s in the plastic state. Reinforced
concrete slabs 8 ft long, 3 ft wide, and 6 . thick were cast
in flexible formwork with retarded and air-entrained con-
crete The slabs were deflected upward between 2 and
4% hr after mixing in order to develop cracks on the
surface of the spectmens The procedures necessary to
develop cracks in the fresh concrete were investigated in
a series of pilot tests. Some time after deflection the con-
crete was revibrated either by means of a surface screed or
of an internal vibrator. Both the time of revibration and
the energy level of revibration were varied. To evaluate
the effectiveness of a certain revibration procedure several
hardened concrete slabs were sawed into three segments;
the sawed sections were then carefully inspected to detect
width and depth of cracks in the concrete. The type and
extent of imtial cracking, the percentage of reinforcement,
the amount of retarder, and the curing conditions prior to
revibration also were investigated. Seventy-nine test slabs
were studied within this phase of the investigation.

Phase 3

Phase 3 was a study of the effect of revibration on bridge
deck surface durability. In Phase 3a the effect of revibra-
tion on the general freeze-thaw characteristics of revibrated
concrete was investigated by use of specimens 2 ft by 2 ft
by 6 1n. that were initially compacted and later revibrated
on a vibrating table. Age at revibration, revibration energy
level, presence of reinforcement, air content, and amount
of retarder were the principal variables i1n this study
Twenty-one days after casting, the surfaces of the speci-
mens were exposed to deicing chemicals and subjected to
cyclic freezing and thawing Visual ratings of deterioration
were conducted 1n accordance with procedures developed
n previous research studies (5, 6).

The results obtained from Phase 2 and Phase 3a were
used to select the parameters to be studied on 21 large slabs
of Phase 3b. Specimens 8 ft long, 3 ft wide, and 6 in. thick
were revibrated with a surface screed The principal pa-
rameters were type and extent of initial cracking, age of
concrete at the time of revibration, revibration energy
level, amount of retarder, air content of the concrete, and
fimshing procedures.

Phase 4

In Phase 4 the results obtained in the previous phases of
this investigation were evaluated to develop recommenda-
tions for the use of revibration in the construction of con-

crete bridge decks, including considerations regarding
equipment and concrete properties. The feasibility of the
recommended construction practice and the field perform-
ance of revibrated reinforced concrete bridge deck were
studied by revibrating three bridge decks under construc-
tion 1n Illinois and Kansas.

To be able to describe the physical properties of the
concrete that may influence its freeze-thaw durability, the
following tests were conducted for most parts of this
investigation:

1. Cylinder tests for compressive strength (ASTM C 39-
61).

2. Modified point count for air void parameters (ASTM
C 457-66T).

3. Pressure test for air content of the fresh concrete
(ASTM C 457-66T).

4. Time of nitial and final set of the fresh concrete
(ASTM C 403-68).

5. Acceleration measurements n the fresh concrete dur-
ing revibration.

6 Determmation of density of revibrated and non-
revibrated concrete.

7. Pulse velocity measurements in revibrated and non-
revibrated concrete.

8. Freeze-thaw tests on prisms 3 by 3 by 15 in.

9. Determination of abrasion resistance (ASTM C 418-
68).

Air-entrained, retarded concrete was used for most labora-
tory experiments. The concrete had a water-cement ratio
of 0 64 by weight, a slump of 2 to 4 1n., an air content of
between 5.5 and 6 5 percent, and a maximum aggregate
size of 1 1n. Its compressive strength after 28 days was
approximately 5,500 psi. The mitial set of the retarded
concrete ranged from 6 hr 30 min to 8 hr; the nonretarded
concrete had an imtial set of approximately 3 hr 45 min.

OQUTLINE OF REPORT

Chapter Two summarizes the results obtained in this n-
vestigation, An interpretation of the findings, the conclu-
sions to be drawn, as well as suggestions for future research
appear 1n Chapters Three and Four.

Appendix A gives a review of related research. The
survey on the use of revibration in the construction of
reinforced concrete bridge decks is described in Appen-
dix B. Detailed descriptions of experimental procedures
and data are presented in Appendices C (Phase 2), D
(Phase 3), and E (Phase 4). Additional experimental data
appear 1n Appendix F. Appendix G describes observations
on cores taken from experimental bridge decks in Kansas.



CHAPTER TWO

FINDINGS

SURVEY OF THE USE OF REVIBRATION IN THE
CONSTRUCTION OF REINFORCED CONCRETE
BRIDGE DECKS (PHASE 1)

Letters of inquiry (Fig. B-1) were sent to the highway
departments of the 50 states of the U.S. and the District
of Columbia as well as to 10 provinces of Canada The
replies from 48 states, the District of Columbia, and 6
provinces of Canada are summarized in Table B-1. No
known cases were reported of the use of revibration of re-
tarded concrete bridge decks. One structure was described
on which delayed vibration of retarded concrete had been
employed. Six highway departments noted that their speci-
fications did not permit the use of delayed vibration or
revibration, and two highway departments specifically
stated that such procedures were not being considered.
Two agencies indicated that retarded concrete was fre-
quently used for bridge decks of continuous structures to
allow dead-load deflections to occur before the initial set
of the concrete. Two cases of unintentional revibration of
concrete bridge decks were reported, however, no unusual
effects had been noted in either case. Apparently no ex-
perience in the use of revibration of bridge deck concrete
existed prior to this investigation.

DEVELOPMENT OF CRACKS IN FRESH CONCRETE
(PHASE 2)

To develop cracks 1n the concrete prior to revibration the
concrete was cast in flexible formwork (Fig. C-1) and was
deflected upward between 2 and 42 hr after mixing. De-
flection was continued until either shight, medium, or se-
vere cracking was visible at the surface of the slabs. Cracks
with a width of 0.001 to 0.002 in. and spaced between 5
and 10 in. apart were defined as slight cracking. A con-
crete curvature of approximately 5 X 10~ in-! was re-
quired to develop such cracks (The curvature 1s the re-
ciprocal of the radius of curvature 1n the center portion of
the slab.) Severe cracking corresponded to a crack width
of 0.03 to 0.05 1n. at a spacing of 1 to 2 in. and occurred
at a curvature of approximately 2.5 X 10-3 in.-!, The
cracks were concentrated near transverse reinforcing bars
and extended over the entire width of the slab. Vanations
in the time after mixing at which the concrete was de-
flected (between 2 and 4%2 hr) had little effect on crack
width and crack spacing (Fig. C-9). The cracks were
shallow, and only a few cracks penetrated beyond the level
of the top remnforcement (Fig C-11). Deflection of the
concrete after 415 hr resulted 1n deeper cracks (Fig. C-12).
However, spacing and maximum crack width did not sig-
nificantly deviate from the values observed on specimens
that were deflected earlier In addition to the surface
cracks, deflection resulted in the formation of internal
cracks that did not penetrate to the concrete surface and

that were located near transverse reinforcing bars (Figs.
C-11 and C-12). Figure C-14 shows the average depth of
surface cracks as a function of the penetration resistance
of concrete at the time of deflection. An increase in pene-
tration resistance results in an increase of the depth of
surface cracks.

Under the normal laboratory environment no significant
shrinkage cracking could be observed prior to or after
imtial set. Only under severe drying conditions (high wind
and temperatures of 95 or 110 F) were shrinkage cracks
penetrating beyond the level of the top reinforcement de-
veloped (Figs. C-28 and C-29). Subsidence cracking or
the formation of planes of weakness with an increased
porosity at the level of the top reinforcement could not be
found eirther under regular laboratory conditions or under
the simulated wind and high-temperature conditions. Arti-
ficial plane-of-weakness cracks were generated, however,
by Lifting the top reinforcement of the slabs 2 hr after
mixing (Fig. C-11).

EFFECTIVENESS OF REVIBRATION IN CLOSING CRACKS
IN FRESH CONCRETE (PHASE 2)

Internal revibration proved to be an inefficient and in-
effective method to close cracks in fresh concrete, even if
it was conducted several hours prior to the 1nitial set of the
concrete (Fig C-15). Experiments in which the concrete
was revibrated with a surface screed were considerably
more successful. Therefore, surface revibration was used
in most experiments The surface screed consisted of an
electrically powered vibrator mounted on a channel 8 in.
wide (Fig. C-7). A frequency of 3,200 cpm and a speed
of forward motion of the screed of about 7.5 ft per minute
were kept constant in all tests. These values were chosen
because they resulted in the smoothest surface of the con-
crete after revibration. A centrifugal force of the vibrator
of 720 Ib, corresponding to 80 percent of the maximum
output of the vibrator, was defined as “high revibration
energy level.” At the “low energy level” the centrifugal
force of the vibrator was 180 Ib, or 20 percent of the
maximum

At a high energy level, surface revibration was at least
partially successful when conducted 1 hr or more before
the mitial set of the concrete, The penetration resistance
of the fresh concrete according to ASTM C 403-68 proved
to be a useful parameter to determine the time after mix-
ing at which revibration may be conducted successfully.
At the high energy level most cracks may be repaired as
long as the penetration resistance of the concrete 1s below
60 psi. A penetration resistance of 30 psi 1s the limit for
the low energy level employed 1n this investigation (see
Fig. C-24) Because of the lack of a suitable method to
measure and evaluate vibration energy in fresh concrete 1t
1s difficult to give a specific required minimum revibration



energy. However, the experience gained during this in-
vestigation indicates that a revibration energy level that is
sufficient to drive a slight moisture film to the entire con-
crete surface 1s also sufficient to close most cracks.

Variations of the layout of the top reinforcement or of
the concrete cover had no apparent influence on the effec-
tiveness of revibration (Figs. C-26 and C-27). The maxi-
mum penetration resistance at which concrete may be
surface-revibrated 1s independent of the time of initial set
or the amount of retarder in the concrete.

The concrete surface after revibration was in most in-
stances sufficiently smooth so that no additional fimishing
after revibration, except brooming, was required. How-
ever, the experiments indicated that a better fimsh was
obtained when the vibrator was mounted on the screed in
such a way that the plane of rotation of the vibrator was
perpendicular to the direction of forward movement of the
screed.

Because surface revibration penetrates 2 to 4 n. from
the surface of the concrete, revibration was equally effec-
tive in closing plane-of-weakness cracks (Fig. C-18).

Surface revibration at the high energy level closes early
shrinkage cracks and can improve moderately crusted
concrete surfaces. However, too low a revibration energy
level may lead to the formation of additional, closely
spaced surface cracks (Figs. C-28 and C-29). In all cases
of moderate or severe crusting, however, extensive addi-
tional finishing after revibration was required.

INFLUENCE OF REVIBRATION ON STRENGTH AND
AIR VOID CHARACTERISTICS OF CONCRETE
(PHASES 2 AND 3)

Revibration had no statistically significant effect on the
compressive strength of retarded concrete (Fig. C-30).
The compressive strength of the nonretarded concrete,
however, was slightly improved. These data were con-
firmed by measurements of sound velocity through the
thickness of revibrated and nonrevibrated slabs. No sig-
mificant variations in either the dynamic modulus or the
unit weight of revibrated and nonrevibrated concrete were
observed (Table C-11).

Surface revibration had no pronounced effect on the
abrasion resistance of concrete (Table D-4).

The effects of revibration on the air void characteristics
of concrete are shown in Figures C-31 to C-33 and given
in Tables C-12 and C-13. The hand-finishing procedures
prior to revibration resulted in all instances in a reduction
of the air content and 1n an increase of the paste content
of the surface layers of the concrete. However, the varia-
tions of the spacing factor over the thickness of the con-
crete were small. Surface revibration resulted in an 1n-
crease of the spacing factor close to the concrete surface
from an average value of 0.0070 . prior to revibration to
0.0077 in. after revibration. Surface revibration had no
measurable effect on the air void system of the concrete at
a distance of more than 1 in. from the surface.

No significant effect of external revibration with a vi-
brating table on the air void characteristics and on the
distribution ot the paste content of concrete could be found
(Tables C-13 and C-14). '

INFLUENCE OF REVIBRATION ON THE DURABILITY
CHARACTERISTICS OF UNCRACKED CONCRETE
(PHASE 3A)

Plain and reinforced concrete specimens were revibrated
on a vibrating table between 2 and 5 hr after mixing and
for periods ranging from 10 to 40 sec. No statistically
significant difference between the surface durability of re-
vibrated and nonrevibrated concrete could be found, al-
though the revibrated concrete was generally slightly more
durable than the nonrevibrated concrete. This 1s shown in
Figures D-3 and D-4, where surface deterioration rating is
given as a function of the number of freeze-thaw cycles.
The surface deterioration rating 1s defined in “Freeze-Thaw
Testing” in Appendix D.

A comparison of the durability of retarded and non-
retarded concrete showed that the nonretarded concrete
was significantly more durable than the retarded concrete
(Fig. D-7). Also, plain concrete specimens were more
frost-resistant than reinforced specimens (Fig. D-8). It
should be noted that the average spacing factor of retarded
concrete was 0.0072 1n., whereas nonretarded concrete
(other parameters being equal) had a spacing factor of
0.0061 in. (Tables C-13 and C-14). Surface scaling was
in all instances the only type of surface deterioration.

INFLUENCE OF REVIBRATION ON THE DURABILITY OF
CRACKED CONCRETE SLABS (PHASE 3B)

The average surface deterioration ratings of cracked con-
crete slabs that were not revibrated are shown in Figure
D-10. There was no clear indication that surface cracking
or horizontal plane-of-weakness cracking results in reduced
durability of the concrete surface when it is exposed to
accelerated freezing and thawing in the laboratory. Only
uniformly distributed scaling was observed, and no surface
spalls developed during freezing and thawing. Scaling of
the cracked slabs was slightly more pronounced in the
vicinity of the cracks. Uniform scaling was found in
uncracked or revibrated slabs (Figs. D-12 and D-13).

Surface revibration had no detrimental effect on surface
durability of the concrete (Fig. D-11). Generally, the re-
vibrated slabs were more frost-resistant than the non-
revibrated specimens, A statistical evaluation showed,
however, that the difference between the average of all
revibrated and all nonrevibrated slabs is mot statistically
significant.

Similar to the results from tests on uncracked slabs, the
nonretarded concrete was considerably more frost-resistant
than the retarded concrete (Fig. D-15). Because the com-
pressive strength of the retarded concrete was between 15
and 50 percent higher than that of the nonretarded con-
crete, the air content of the retarded concrete could be
mcreased from 6 to 8 percent, resulting 1n a concrete as
durable as the nonretarded concrete and with a compres-
sive strength still higher than that of the nonretarded
concrete (see Fig. D-16).

Surface revibration resulted in an acceptable finish of
the concrete, and hand-finishing prior to revibration may
not be necessary. It was hoped that elimination of hand-
fimshing prior to revibration may offset the possible loss



of air during surface revibration and thus improve surface
durability. The data shown in Figure D-17 indicate, how-
ever, that hand-finishing prior to revibration had little 1n-
fluence on the surface durability of revibrated or non-
revibrated specimens. Late finishing of nonrevibrated
concrete resulted in a shight increase of the surface de-
terioration of the concrete Additional finishing of con-
crete after revibration, however, had no significant effect
on concrete surface durability.

FIELD APPLICATIONS

To investigate the feasibility of revibration of bridge deck
concrete 1n the field, as well as to observe its long-time
performance, portions of three bridge decks under con-
struction 1n Ithnois and Kansas were revibrated. On the
basis of the laboratory experiments the following guide-
lines for the field experiments were chosen

1. The bridge deck concrete shall be revibrated with a
vibrating screed when the penetration resistance of the con-
crete reaches approximately 25 psi.

2. The bridge deck concrete shall be finished prior to
vibration, and additional finishing after revibration shall be
kept to a minimum.

3 No particular requirements regarding concrete mix
proportions in addition to those developed by the respec-
tive highway departments will be made.

4. The use of set-retarding admixtures 1s desirable but
not mandatory.

On July 10, 1969, a portion of the deck of a non-
composite, skewed, and continuous-span bridge with struc-
tural steel I beams near Champaign, Ill., was revibrated
(Fig. E-1). The revibrated section of the bridge deck was
adjacent to the safety curb and was 3 ft 3 in, wide, ex-
tending 15 ft in each direction from the center support of
the bridge. A longitudinal construction joint separated the
curb areas from the center part of the deck that had been
cast several days earfier. The vibrating screed that was
used 1n the laboratory experiments was also employed for
the revibration of the bridge deck. The retarded concrete
had an air content of 4 to 5 percent, a slump of 22 1.,
and an mtial set 2 hr 40 min after casting. The air
temperature during casting ranged from 84 to 89 F, the
relative humidity was around 65 percent, and the day was
sunny with only shght westerly winds. Revibration was
conducted at the low energy level (defined previously in
“Effectiveness of Revibration in Closing Cracks in Fresh
Concrete”) approximately 2 hr after placing the concrete.
At that time a concrete sample that was kept moist until
testing, and that was taken from the same batch as the
bridge deck concrete, had a penetration resistance of ap-
proximately 25 psi. Revibration appeared to be effective
inasmuch as a thin moisture film covering most of the
concrete surface was developed during revibration. How-
ever, finishing after revibration was necessary in order to
obtain a continuous transition from the revibrated sections
across the longitudinal joint to the adjacent hardened con-
crete of the main deck. Because at that time the concrete
had almost reached its imtial set, finishing was difficult, and
the experiment showed clearly that fimishing after revibra-

tion should be avoided whenever possible. The revibrated
sections were inspected several times after casting. No
apparent differences between the vibrated and the non-
revibrated portions of the deck could be detected. The
visual observations of the deck will be continued.

On August 27, 1969, a section of a continuous, non-
composite bridge with welded steel plate girders near
Newton, Kan., was revibrated (Fig E-4). The revibrated
area extended over the entire width of the deck from one
abutment over a length of 82 ft A free-floating vibrating
screed that was supported only by the fresh concrete was
used. A vibrator with a frequency of 3,200 cpm wvibrating
parallel to the direction of the forward movement of the
screed was mounted in the center of the screed (Fig. E-5).
The bridge deck concrete was nonretarded and had an air
content of between 5 and 7 percent and a slump from
1% to 3 in. The initial set of the concrete was approxi-
mately 2 hr 50 mm During most of the construction
period the sky was overcast, with temperatures ranging
from 72 to 78 F and with light winds. Prior to revibration
the concrete was finished with a regular finishing machine.
Immediately after fimshing, a water emulsion of ahiphatic
alcohols was sprayed on the concrete surface to produce
a monomolecular film that retards evaporation of bleeding
water (24). Approximately 1%2 hr after casting, revibra-
tion was commenced. At that time the penetration re-
sistance of a control sample of concrete that had been kept
moist until testing was approximately 25 psi. Two major
problems were encountered in this field experiment Be-
cause the vibrator was free-floating 1t had a tendency to
sink shightly mto the fresh concrete. Furthermore, the
shape of the vibrating screed did not precisely match the
profile of the bridge deck surface, so the screed did not
always touch the entire concrete surface. Therefore, por-
tions of the bridge deck (particularly 1n the center of the
deck) were not revibrated. Each time the forward move-
ment of the vibrating screed was stopped the vibrator left
a noticeable mark in the bridge deck surface (Fig. E-6).
Because of these deficiencies rather extensive and cumber-
some finishing after revibration was required. Fimshing
was particularly difficult because at that time the concrete
had approached its imtial set.

On the basis of the experience of the previous field ex-
periments a new vibrating screed was constructed and was
used to revibrate a simlar bridge deck near Newton, Kan,
on September 23, 1969. A vibrating pan with two small
vibrators attached to the pan at about its third points was
mounted to the frame of a finishing machme (Figs. E-7
and E-8). The equipment was supported by rails adjacent
to the safety curbs of the bridge deck. The shape of the
vibrating pan could be adjusted so that it closely matched
the original profile of the bridge deck surface. The bridge
deck concrete contained a set retarder and had an air con-
tent of between 4 and 5.5 percent and a slump ranging
from 2 to 4 in The 1nitial set of the concrete occurred
3 hr 30 min after placing the deck. The deck was finished
immediately after casting and parts of the concrete surface
were sprayed with the water-alcohol emulsion Sunny skies,
with temperatures ranging from 70 to 80 F and moderate



winds, prevailed during most of the day. Approximately
2% hr after casting, when a control sample that had the
same exposure as the bridge deck surface reached a pene-
tration resistance of 28 psi, revibration of the bridge deck
commenced and continued over the entire width of the
deck and a length of approximately 133 ft. The field ex-
periment was successful. Revibration resulted 1n a smooth
concrete surface (Fig. E-9), and in most cases no addi-
tional fimshing, except belting and brooming, was required
after revibration In a few instances, however, revibration
caused closely spaced surface cracks (Fig. E-10). These
cracks had an appearance similar to the cracks that were
observed in the laboratory after revibration of surface-
crusted concrete. It 1s hkely that the revibration energy

level in the field experiment was insufficient to break up
the entire surface crust. Such cracks were not observed in
areas that had been sprayed with the water-alcohol emul-
sion immediately after fimshing. No surface cracking was
observed 1n the revibrated portions of the three bridge
decks either before or after revibration except those cracks
that appeared after revibration of surface-crusted concrete,
as described earlier.

Cores have been taken from both bridges in Kansas
They will be used to compare the air void characteristics
of revibrated and nonrevibrated concrete. The air void
characteristics are reported in Appendix G. The long-time
performance of the revibrated decks will be observed by
the Kansas State Highway Department

CHAPTER THREE

INTERPRETATION

The major emphasis of this nvestigation was placed on
studies of the effectiveness of revibration in closing trans-
verse cracks in reinforced concrete bridge decks which may
have been formed as a consequence of formwork deflec-
tions due to the dead weight of the fresh concrete. The
experimental data showed, however, that in order to de-
velop substantial cracking in fresh concrete several hours
before initial set, a curvature of the concrete surface in
excess of 0.001 in.~! was required This value 1s larger than
the deflection to be expected 1n the field as long as reason-
able construction practices are maintained (25). Unless
the concrete had a penetration resistance of more than
15 psi at the time of deflection the cracks were shallow and
hardly penetrated to the level of the top reinforcement
(Fig. C-14) It became apparent that during the first hours
after mixing the fresh concrete used in this investigation
could develop considerable plastic deformations without
cracking or that the fludity of the concrete was sufficient
so that microcracks were healed soon after their formation
More severe surface cracking may develop if deflections
occur after the penetration resistance of the concrete ex-
ceeds 15 ps1 or when severe surface crusting has occurred.
Such conditions may develop several hours before imtial
set of retarded concrete while the concrete 1s still suffi-
ciently plastic to be revibrated.

The formation of planes or zones of weakness at the
level of the top reinforcement could not be observed i the
laboratory, even under the extreme environmental condi-
tions of elevated temperatures and high winds Neverthe-
less, formation of planes of weakness has been observed in
a number of instances in the field and has been reported as
a major cause of bridge deck deterioration. It 1s likely that
the laboratory conditions still were too favorable for the

formation of planes or zones of weakness. Deeper speci-
mens, concrete with a higher slump and water content, and
concrete ingredients that lead to a higher bleeding rate of
the concrete may 1n fact have produced planes of weak-
ness, even 1n laboratory specimens. However, no informa-
tion exists on the time after casting at which such planes of
weakness may develop.

Independent of the cause of cracking, revibration 1s an
effective and economically feasible method to close surface
cracks, internal cracks, or planes-of-weakness cracks in the
fresh concrete as long as the penetration resistance of the
concrete 1s not 1n excess of 60 psi. This condition is
reached between Y2 hr and 1 hr prior to imitial set. If the
energy level 1s chosen such that revibration results in the
formation of a moisture film over the entire concrete sur-
face, no significant additional fimishing after revibration 1s
required A substantial number of cracks may be closed
by revibration at a high energy level, even if the concrete
1s close to its mtial set at the time of revibration. Then,
however, surface revibration may be nonuniform and ad-
ditional finishing may be required, which is very difficult
to perform at such a late state. It 1s possible that revibra-
tion prior to mitial set, even of uncracked concrete, may
cause the rehef of residual stresses due to early shrinkage
and bleeding and thus may reduce the cracking tendency
of the hardened concrete Because the depth of surface
cracks caused by formwork deflection (and thus their
severity) can be substantially reduced by the use of re-
tarders, 1t appears that revibration 1s more important to
prevent and reparr planes of weakness than 1t 1s to repair
flexural cracks on the concrete surface

The laboratory experiments showed no significant dif-
ference between the surface scaling resistance of revibrated



and nonrevibrated concrete. It should be pointed out, how-
ever, that scaling 1s only one type of surface deterioration
of concrete in the field. Spalling of the concrete surface
may be the more severe form of deterioration and has been
frequently observed 1n actual bridge decks. Surface spall-
ing often has been attributed to corrosion of the reinforc-
ing bars. Because the extent of corrosion depends on the
total length of time the steel 1s exposed to a corrosive en-
vironment, particularly at higher temperature cycles be-
tween freezing cycles, accelerated freezing and thawing
tests in the laboratory are normally not a measure of the
spalling resistance of a concrete surface. Because the ex-
periments showed that surface revibration 1s an effective
way to close horizontal plane-of-weakness cracks as long as
they are formed or initiated prior to initial set it 1s lkely,
although not proved n the laboratory, that revibration may
indeed improve the frost resistance of bridge decks 1n cases
where spalling 1s the dominant form of deterioration.

The differences in the scaling resistance between re-
tarded and nonretarded concrete are not clearly under-
stood. They may 1n part be attributed to influences of the
particular retarder on the air void characteristics of the
concrete. Because other investigations (26) showed the
sufficient durability of retarded concrete, and because ad-
justments of the total air content of the retarded concrete
used in this investigation resulted 1n a concrete as durable
as nonretarded concrete, there is no indication that re-

tarders necessanily impair concrete durability, However,
sufficient information on the effect of a particular retarder
on concrete freeze-thaw durability when exposed to de-
icing agents 1s essential prior to its use in the field. The
pertod of time during which bleeding occurs may be longer
for retarded concrete than it is for nonretarded concrete,
thus increasing the crusting tendency of retarded concrete.
The application of surface sprays as barriers against ex-
cessive moisture evaporation may, however, significantly
reduce the danger of crusting, as has been shown in the
field experiments.

The feasibility of revibration of bridge deck concrete 1n
the field has been demonstrated, particularly by the second
experiment conducted in Kansas. Surface revibration of
the entire width of the deck 1n one operation appears to be
the most practical approach. Provisions have to be made,
however, to adjust the revibration energy level as well as
the shape of the vibrating pan, and to support the surface
vibrator so that it does not float freely on the concrete
surface. In determining the time of revibration 1t proved
to be advantageous to use the penetration resistance of a
sample that is subjected to the same exposure conditions
as the bridge deck surface. Batch to batch variation of the
concrete 1n the deck requires close observation of the par-
ticular concrete properties and may necessitate changes 1n
revibration energy as well as in the speed of forward move-
ment of the revibration equipment during the operation

CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

The conclusions to be drawn from this research can be
summarized as follows:

1. For the types of concrete studied in this investigation,
and formwork deflections occurring within 42 hr after
mixing, significant surface cracking of the concrete was
developed only if the deflections caused a curvature of the
surface 1n excess of 0 001 1n.~.

2. Exposure of the fresh concrete to high winds and
temperatures above 95 F resulted in surface crusting and
shrinkage cracks. However, reinforced concrete slabs 6 in,
deep, with a 1%2-in. cover above the reinforcement and
made from concrete with a low bleeding rate, did not show
planes of weakness at the level of the top remnforcement
after exposure to heat and wind.

3. Internal vibration 1s an mefficient and impractical
method to revibrate concrete bridge decks. Surface re-

vibration, however, can be effectively employed to repair
surface cracks, horizontal cracks at the level of the top
reinforcement, and internal cracks up to a depth of at least
4 in. from the concrete surface. Surface revibration may
be successful if conducted before the concrete reaches a
penetration resistance of 60 psi. Most concretes will reach
this value between %2 hr and 1 hr prior to intial set. The
required revibration energy 1s sufficient as long as revibra-
tion results 1n the development of a thin moisture film on
the entire concrete surface.

4. No additional finishing of the concrete, except belt-
ing or brooming, 1s required after sufficient surface re-
vibration of a concrete with a penetration resistance of less
than 60 psi.

5. Surface revibration at a high energy level can im-
prove moderately crusted concrete surfaces. However, in-
sufficient revibration of severely crusted surfaces can cause
additional surface cracks.



6. Surface cracks had no measurable effect on the scal-
ing resistance of the concrete. Revibration did not impair
the scaling resistance of the concrete, although the average
spacing factor of the surface layers of the concrete was
increased by revibration from 0.0070 to 0.0077 in.

7. The retarded concrete was less durable than similar
nonretarded concrete, although the difference in spacing
factor between the two types of concrete was only 0.001.
However, the use of retarders does not necessarily impair
concrete durability, as has been shown in other investiga-
tions. Retarders may improve concrete durability if the
concrete deterioration is related to cracking caused by
formwork deflections while the concrete is still in a plastic
state. This is because the time.during which retarded con-
crete can be deflected without development of deep and
therefore severe surface cracks can be several hours longer
than 1t would be for similar nonretarded concrete. Re-
tarders can, however, lead to more severe crusting because
of the increased period of time during which bleeding can
occur. The use of surface sprays to prevent excessive
moisture evaporation may counteract this disadvantage.

8. Surface revibration of reinforced concrete bridge
decks in the field is feasible, The vibrating screed should
have an adjustable profile and vibrators with variable vi-
bration energy. The screed should be supported by rails
or similar setups. The time at which revibration 1s com-
menced should be determined on the basis of the penetra-
tion resistance of a concrete sample that is subjected to
the same exposure conditions as the bridge deck surface.

SUGGESTED RESEARCH

The investigation reported herein was hampered by the
lack of knowledge in several areas, and the following addi-
tional information is required before final and conclusive
recommendations regarding revibration of field concrete
can be made:

1. Spalling of the concrete surface associated with
planes of weakness is recognized as a major type of bridge
deck deterioration in the field. Revibration is a potential
method to repair such planes of weakness if they have
inittated prior to revibration. Nevertheless, planes of
weakness in laboratory specimens could be generated only
under extreme conditions. Therefore, the mechanism of
plane-of-weakness cracking as well as the principal pa-
rameters controlling their formation need further clarifica-
tion by laboratory experiments.

2. Because spalling of the concrete surface 1s a type of
deterioration seldom found in accelerated laboratory tests,
1t 1s difficult to estimate reliably the durability of field con-
crete on the basis of laboratory investigations. The need
for improved and more realistic laboratory procedures has
been apparent for a long time.

3. The time at which formwork deflections may cause
significant flexural cracking in fresh concrete has not been
sufficiently explored. Therefore, careful measurements of
the extensibility of fresh concrete and the basic parameters
affecting 1t (such as age, curing conditions, and fluidity of
the concrete) are needed. -

4. The effect of revibration frequency, particularly high
frequencies, has not been studied in this investigation.

5. The mechanism of the effect of retarders on the freez-
ing and thawing resistance of concrete in the presence of
deicing agents has not been clarified sufficiently.

6. The field of the experiments showed the feasibility of
revibration of bridge deck concrete. The equipment used,
however, was crude, and further development of equip-
ment and construction procedures is encouraged. In addi-
tion, studies of the effectiveness of various types and com-
binations of vibrators, both for initial vibration and for
revibration of various types of concrete, are necessary.
Parameters defiming the efficiency of vibrators as well as
the vibration energy required for various types of concrete
are urgently needed.
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APPENDIX A
REVIEW OF RELATED RESEARCH

This appendix includes a summary of the results of the
recently conducted bridge deck surveys (1, 2, 3, 4). A
more detailed discussion of freeze-thaw durability of con-
crete can be found 1n Callahan et al. (5) or Cordon (7),
for example. The second part of Appendix A discusses re-
search into the effect of revibration on concrete properties.

BRIDGE DECK SURVEYS

A thorough analysis of bridge deck survey data has been
obtained from the cooperative survey recently conducted

by the Divisions of Highways of Kansas, Michigan, Cali-
forma, and Missoun (1, 2, 3, 4, 8, 9) According to those
surveys, scaling of the surface mortar, transverse cracking,
and subsequent surface spalling were the main types of
deterioration.

Scaling was associated with freeze-thaw action, and par-
ticularly with the use of deicing agents, and normally did
not follow any particular pattern. In most cases, scaling
can be attributed to one or more of the following causes:
inadequate finishing practices such as excessive or too-late




finishing, insufficient air void system of the surface mortar,
poor drainage of the bridge decks, and excessive use of
decers. In addition, 1t was hypothesized (5) that dif-
ferences 1n the thermal length change between the surface
mortar and the coarse aggregate layers of the concrete may
result in thermal stresses and, consequently, m surface
scaling

Transverse cracking, which was found to be more se-
vere 1n continuous spans, may be due to vehicle loading,
plastic or drying shrinkage, long-time volume changes, im-
proper placement of the reinforcing bars, stresses due to
formwork deflections or rotations or due to the removal of
formwork 1n continuous reinforced concrete bridge decks,
and resistance to subsidence of concrete during the bleed-
ing period by the rigidly held top reinforcement. Resist-
ance to subsidence not only causes transverse cracks, but
it may lead also to the formation of planes of weakness at
the level of the top reinforcement At such planes the
porosity of the cement paste 1s increased and horizontal
cracking may occur Early crusting of the concrete surface
may enhance the formation of planes of weakness An
increased concrete cover does not necessarily prevent the
formation of horizontal cracks but may delay the occur-
rence of subsequent spalling (8, 9, 10).

Transverse cracks are not necessarily concentrated 1n the
negative-moment regions of continuous bridges, and no
clear correlation between transverse cracking and flexibility
of supporting steel stringers seems to exist (/7). This
observation underlines the significance of early shrinkage
and restraint of subsidence as major causes of transverse
cracking

In the bridge deck surveys surface spalling was attrib-
uted mainly to the following causes. resistance to subsi-
dence of concrete, as previously described; early drying
shrinkage and crusting of the concrete surface, and corro-
sion of remnforcement n the vicinity of transverse cracks.
Corrosion may be particularly dangerous where planes of
weakness have been formed. It was found that surface
spalling or fracture plane deterioration was significantly
greater when the depth of the concrete cover above the top
steel was only 1Y% 1n, or less. Traffic action and nsufficient
drainage of the bridge decks may accelerate surface spall-
ing of inadequate concrete.

Recent laboratory investigations underline the detrimen-
tal effect of corrosion of the reinforcing bars at sections
with transverse cracks (5) However, adequate finishing
procedures and concrete properties that ensure sufficient
air content of the surface mortar are considered equally
mmportant. It was found (5) that external stresses in-
fluence the rate of development of surface scaling to only
a limited degree and stress does not seem to be a primary
factor for the durability of bridge deck concrete.

Longitudinal cracking of brnidge decks was found 1n only
a few cases, indicating that the bridge decks are in most
cases adequately designed for live loading.

EFFECT OF REVIBRATION ON THE PROPERTIES OF
PLAIN CONCRETE

Revibration or delayed vibration of concrete 1s not a gen-
erally accepted construction procedure It was hypothe-
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sized for a long time that concrete, once it is placed, com-
pacted, and fimshed, should not be disturbed until it gains
sufficient imtial strength. This, however, 1s an unrealistic
viewpoint because concrete often 1s revibrated uninten-
tionally by the initial vibration of subsequently cast con-
crete, Therefore, the effect of revibration on some concrete
properties has been studied in the past 1n a number of
nvestigations (/2-23).

It 15 generally agreed that revibration of concrete be-
tween 2 and 6 hr after mixing may result in a 10- to
30-percent increase of the concrete compressive strength,
compared to the strength of nonrevibrated concrete. This
1s true even for concrete that was initially compacted to an
optimum denstty. It 1s assumed that this phenomenon 1s
due to the closing of microcracks between paste and ag-
gregates that are formed because of the restraint of early
shrinkage of the cement paste It also has been found that
the total pore volume of revibrated concrete 1s slightly less
than the pore volume of nonrevibrated concrete. This n-
creased density may be an additional reason for the im-
proved strength characteristics of revibrated concrete. It
has been suggested also that the structure of cement paste
and possibly the hydration process may be influenced by
revibration (/3, 22, 23) This agrees with the observation
that even revibration of neat cement paste may result in
strength increase between 5 and 20 percent of the strength
of nonrevibrated paste (20). Strength increases of the
paste up to 130 percent were reported by Avram et al
(23) This unusually high strength increase was associated
with a significant reduction of the water-cement ratio
during revibration

The effect of revibration on the tensile strength of con-
crete has not been clarified sufficiently It was shown n
two 1nvestigations (/3, 20) that revibration has little in-
fluence on the tensile strength of concrete. Apparently,
this 1s contradictory to any of the concepts that were sug-
gested to explan the increase of the compressive strength
of concrete by revibration.

Revibration of concrete results in a shight increase of the
modulus of elasticity, a shight reduction of shrinkage, but
no significant change in the creep behavior of concrete
(19, 20) However, also a marked reduction 1n creep of
revibrated cement paste was reported 1n one case (23).

No detailed investigations on the effect of revibration on
the bond strength between concrete and embedded re-
inforcing bars could be found in the hiterature However,
it seems likely that, through a reduction of water pockets
that may form under the reinforcement during bleeding,
revibration may increase the bond strength.

The durability of concrete may be reduced by revibra-
tion 1f high revibration energies are used (/3), mainly be-
cause of a reduction of the volume of entrained air No
information regarding the abrasion resistance of revibrated
concrete could be found. However, 1t may be possible that
increased bleeding of the concrete during revibration may
weaken the surface mortar and reduce its abrasion
resistance.

It 1s generally agreed that the effect of revibration in-
creases as the revibration energy 1s increased (17, 19, 20)

The time after mixing at which concrete is revibrated
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has a major influence on the effectiveness of revibration.
Revibration only a few hours after mixing generally has
little influence on concrete properties, and in one instance
a shight reduction of the concrete compressive strength was
observed (20). Revibration becomes more effective if it
1s conducted immediately before or after inttial set. If re-
vibration 1s delayed beyond the final set its effectiveness
decreases and eventually becomes insignificant.

The influence of concrete mix design seems to be as-
sociated with the corresponding variations 1n setting time.
The use of retarders may substantially increase the period
of time during which revibration of concrete is beneficial
@n

Methods of revibration include the use of internal, ex-
ternal, or surface vibrators. No information on the effect
of revibration by means of surface vibrators could be
found. Improved freezing and thawing resistance due to
imtial surface vibration was, however, reported by Malisch
et al. (6). The use of internal vibrators limits the time
interval during which revibration may be conducted suc-
cessfully. If the concrete 1s too stiff the vibrator may not

sufficiently penetrate into the concrete. Segregation may
occur with increased cement paste content in zones where
the vibrator was inserted. External vibrators generally have
been more effective in improving concrete properties, but
the practical application of external vibration apparently
is imited by structural size.

Laboratory investigations showed that revibration 1s
more effective if the specimen 1s revibrated while sub-
jected to a small compressive stress. This procedure, how-
ever, has only limited application in actual construction
practice.

Delayed vibration using an external vibrator may result
in a strength increase of approximately 10 to 20 percent
if carried out shortly after the initial set of the concrete
(14). Further delay, however, may result in a severe
reduction of concrete strength.

It may be generally concluded that revibration in most
instances improves strength and deformation characteris-
tics of concrete. However, revibration may have an ad-
verse effect on the frost and abrasion resistance of concrete.

APPENDIX B

SURVEY OF THE USE OF REVIBRATION IN THE CONSTRUCTION OF
REINFORCED CONCRETE BRIDGE DECKS—PHASE 1

Prior to this investigation Dr. Best of Kansas State Uni-
versity conducted an inquiry into the use of revibration in
the construction of reinforced concrete bridge decks or
pavements. Dr. Best made his information available for
this investigation.

Dear Sir

We have submitted a research proposal for Highway Research Board NCHRP
Project 18-} REVIBRATION OF RETARDED CONCRETE FOR BRIDGE DECKS+

In this connection, we would |ike to ascertarn the extent to which
either delayed vibration or revibration has been used tn placing bridge
deck concrete | would therefore appreciate hearing of any such experience
your state may have had or 1f you know of anyone who has had such experience,
along with any references you may know of

If you have used delayed vibration or revibration, plesse describe
your pu-pose, the methods and procedures employed, details of the struc-
ture the schedule of concrete placement the properties of the fresh con-
crete 1f avarlable, the kind and amount of any admixture used, temperature,
humidity, and wind conditions f known, and your evalustion of the results

| recognize that this request is an imposition, your cooperation will
therefore be doubly appreciated

Sincerely yours,

Figure B-1. Sample letter used in survey on the use of revi-
bration in bridge deck construction—Phase 1.

In this survey a letter of inquiry was sent to the high-
way departments of the 50 states and the District of
Columbia and to 10 provinces of Canada. The letter re-
quested the highway departments to describe their ex-
perience in the use of delayed vibration or revibration of
retarded concrete bridge decks, Figure B-1 is a sample
letter of this 1nquiry.

The replies from 48 states, the District of Columbia, and
6 provinces of Canada are summarized in Table B-1. There
were no known cases of the use of revibration of retarded
concrete bridge decks and only one structure on which
delayed vibration of retarded concrete was employed. Six
highway departments noted that specifications did not per-
mit the use of delayed vibration or revibration, and two
highway departments specifically stated that such proce-
dures were not being considered.

Two highway departments indicated that retarded con-
crete was frequently used for bridge decks of continuous
structures in order to allow dead-load deflections to occur
before the imitial set of the concrete occurs. However,
neither delayed vibration nor revibration was employed.
Two cases of unintentional revibration of concrete bridge
decks were reported. No unusual effects have been noted



TABLE B-1

INQUIRY ON THE USE OF REVIBRATION IN THE CONSTRUCTION OF CONCRETE BRIDGE DECKS—PHASE 1

HIGHWAY SUMMARY
DEPT. OF REPLY * SPECIAL NOTES
Alabama 1,2 New Mexico 1
Alaska 1 New York 2 Concrete brnidge deck was replaced while
Arizona 1,3 traffic on other half of bridge caused con-
Arkansas 1,2 tinuous vibration during setting.
California 1,2 .
Colorado 1,2 A concrete bridge deck was caught by earth gortg gall;olma i’ 2
tremor while setting. No adverse effects have orta Da ota
been noticed Ohio 1,2 .
’ Oklahoma 1,2 Department offered to assist Okla State
Connecticut 1,2,3 Univ. wath similar research project
Delaware 1 A field test of revibrated 6- X 16-in. cyl-
inders was conducted in 1957. Oregon 1,2
. Pennsylvania 1,2
Dist. of Col 1,3 Rhode Island 1,2
Florida 12,4 South Carolina 1
Georgia 1 South Dakota 1,2
Hawaii L2 Tennessee 1
Idahq 1,2 Texas 1,2 Retarded concretes are used to allow dead-
Illu}ms 1,2 load deflection of continuous structures be-
Indiana L2 fore setting.
Towa 1 Retarded concretes are used to allow dead-
load deflections of continuous structures be- Utah L2
fore setting Vermont 1,2
. o . Virgimia 1,2
Kansas 1 Stag‘tmg. in Nov. 1967, specifications require Washington 1,3 A 20- Xx20-ft slab was revibrated because
revibration of pavements. of equipment failure. No adverse effects
Louisiana 1 have been noticed
Maine 1,2 ...
Maryland 1,2 WFSt V".E‘m“ 1,2
Massachusetts 1,3,4 wlys:gﬂ;lg i 2 Retarded concretes are used to allow dead-
Michigan 1,2 Retarded concretes are.used to allow dead- load deflection of continuous structures be-
load deflection of continuous structures be- fore setting
fore setting. An informal experiment indi-
cated internal revibration of retarded con- Alberta 1,2
crete was ineffective. New Brunswick 1,2 ; brated
: Newfoundland 1 Limited use has been made of revibrate
l\h:ilsl;no‘:lsgta i:% concrete for post-tensional concrete girders.
Montana 1,2 Nova Scotia 1,2
Nebraska 1,2,3 Prince Edward Is 1,2
Nevada 1,2 Saskatchewan 1 The continuous floor slab of a 3-span struc-
New Hampshire 1,2 ture was placed 1 one operation using a
New Jersey 1 retarder and delayed vibration.

2 1. No experience with revibration of retarded concrete bridge decks.
2. No experience with delayed vibration of retarded concrete bridge decks

3 Specifications do not permit delayed vibration or rewvibration.
4 Delayed vibration or revibration not being considered.
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n either case. The Department of Highways and Trans-
portation of the province of .Saskatchewan, Canada, men-
tioned the only use of delayed vibration of retarded con-
crete bridge decks. The work was done by a consulting
firm for the municipal branch. The structure was a three-
span continuous bridge with precast, prestressed girders
and a cast-in-place deck. The continuous floor slab was
placed 1n one operation using a retarder and delayed vi-

bration. Additional data regarding the long-time perform-
ance of the bridge deck were not provided.

Kansas is aware of the possible usefulness of revibration
and was considering revibration as a construction practice
at the time of the survey. However, experience regarding
the feasibility of the use of revibration as well as the long-
time performance of revibrated decks was not available at
the time of the inquiry.

APPENDIX C
EFFECTIVENESS STUDY—PHASE 2

OBJECTIVE AND SCOPE

The objective of Phase 2 of the investigation was to study
the effectiveness of revibration in closing cracks in fresh
concrete. The following main test series were conducted:

e Series 1: Method of revibration, revibration energy,
and extent of imitial cracking.

e Sertes 2: Time of revibration.

* Series 3: Percentage of reinforcement

* Series 4. Time of 1nitial set.

¢ Series 5: Curing conditions prior to revibration.

¢ Series 7: Effectiveness of revibration 1n closing
plane-of-weakness cracks.

¢ Series 8: Effectiveness of revibration 1n closing
cracks that have been generated at a higher age.

¢ Series 9: Effect of direction of revibration.

s Series 10: Influence of revibration on air content
distribution and abrasion resistance

Originally, a Series 6 was planned to study the influence
of air content on effectiveness of revibration. This series,
however, was considered of minor importance and, there-
fore, was omitted from the program. Studies on the effect
of air content were, however, included 1n the durability
studies (Phases 3a and 3b).

In addition to the main test series a pilot study (Series P)
was conducted to determine methods to develop cracks m
the slabs while the concrete was still plastic. The effect of
revibration on concrete density and compressive strength
was investigated in Series C. Accelerometer measurements
were used to evaluate the depth to which the revibration
energy may penetrate during surface revibration (Series
ACC). A total of 79 large slabs were tested in Phase 2.

DESCRIPTION OF SPECIMENS

All specimens investigated in Phase 2 consisted of re-
inforced concrete slabs 8 ft long, 3 ft wide, and 6 1n. thick.
The specimens were cast in steel formwork, as shown in
Figure C-1. The bottom plate of the formwork had a
thickness of 3 in. The longer sides of the form were
laminated plates made up of individual steel bars 1 in. X
Y2 1n. 1n cross section. Two teflon strips were placed be-
tween the individual bars, which were clamped together
with bolts spaced 2 ft apart. The surface of the sides fac-
ing the concrete was covered with plastic sheeting. Lami-
nated plates for the sides of the formwork ensured high
flexibility of the form that was required to develop severe
flexural cracking in the fresh concrete. The formwork was
supported by two concrete blocks and was tied to the test
floor The formwork and the concrete could be subjected
to a negative moment by means of hydraulic jack and load-
distributing girders. To prevent relative movement of the
remnforcement during deflection of the formwork, both top
and bottom layers of the reinforcing bars were held to the
bottom of the formwork by clamps and chairs, as shown
in Figures C-2, C-3, and C-4. Three sets of forms were
available for this investigation.

Most of the specimens were reinforced with two layers
of reinforcement consisting of No. 5 bars spaced at 6 n
longitudinally and No. 4 bars spaced at 9 . laterally, as
shown 1n Figure C-2. A concrete cover of 1V4 1n. was held
constant for most slabs except for some specimens of
Series 3, “Percentage of Reinforcement.” The layouts of
reinforcement used 1n this series are shown in Figures C-3
and C-4.

The specimens tested 1n Phase 2 were designated by a
sequence of numbers or letters. The first term describes
the method of revibration (SU for surface revibration and
IN for internal revibration). The second number indicates
the test series. The third term describes the extent of imitial
cracking (SL for shight cracking, ME for medium cracking,
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Figure C-2 Layout of reinforcement, Type A—Phase 2.

SE for severe cracking). The last term describes the extent
of revibration energy (0 for no revibration, 20 for a low
revibration energy, and 80 for a high revibration energy)
For example, SU-2-SE-80 designated a specimen of Se-
ries' 2 that was revibrated with a surface screed at an
energy level of 80 percent and was severely cracked prior
to revibration. In a number of instances additional terms
were used to describe a particular specimen. Their descrip-

tion is given 1n Tables C-1 through C-7, in which the most
significant data of all specimens tested in Phase 2 of this
mvestigation are summarized.

MATERIALS

Type 1 cement with an nitial set of 3 hr 45 min and a final
set of 5 hr 45 min after casting under laboratory condi-
tions was used throughout this investigation The physi-
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cal and chemical properties of the cement according to a
certified analysis obtained from the manufacturer are sum-
marized 1n Table C-8. The coarse aggregate consisted of
crushed Iimestone with a maximum size of 1 in. and was
obtained from a quarry near Fairmount, Ill. This particu-
lar aggregate had good service records. The fine aggregate
was primarily quartz and is an outwash of the Wisconsin
glaciation. The aggregate properties appear in Table C-9

A npeutralized vinsol resin (1.2 fl oz per 100 1b of
cement) was used as an air-entraining agent to produce
an average air content as determined by the pressure
method between 5 and 7 percent, except in such cases
where a lower arr content was required. A water-reducing
and -retarding admixture (Type D according to ASTM
C 494) was used. The admixture is a hydroxylated polymer

T

of which 4.5 fi oz per 100 Ib of cement were used, result-
ing 1 an nitial set of the concrete approximately 7 to
8 hr and a final set at approximately 9 hr after mixing
under laboratory conditions with a temperature of 72 F
and a relative humidity of 50 percent Typical results of
a penetration test to determine final and initial set of the
concrete are shown in Figure C-5.

Experimental data obtained from an independent test-
ing laboratory showed that retarded concrete containing a
blend of Type 1 cements from three different sources,
4 fl oz of the retarder used in this investigation, and a
water-cement ratio of 0.55 had a durability factor of 95,
according to ASTM C 290. The durability factor of a
similar, nonretarded concrete was 92. The concrete with
a set-retarding admixture passed all other requirements



TABLE C-1

EFFECTIVENESS STUDY—PHASE 2. DESCRIPTION OF SPECIMENS IN
SERIES P AND ACC PILOT STUDIES AND ACCELEROMETER TESTS

TABLE C-2

EFFECTIVENESS STUDY—PHASE 2. DESCRIPTION OF SPECIMENS IN

SERIES 1

AND EXTENT OF INITIAL CRACKING

Air Content Cracking
(%) Time After| Max Derl.
Specimen lst 2nd Initial Set Mixing At Midspan

No.| Designation | Batch | Batch (br min) Type |[(br min) (1n)

11 | SU-1-5L-0 5.5 | 5.5 6 00 Slight | 2 00 11/4
12 | sv-1-8L-20 6.3 (] 6 % Slight 200 11/b
13 | su-1-sL-80 | 6.4 | 6.3 6 45 Slight | 2 00 11/4
14 | SU-1-ME-0 5.8 | 4.8 T4 Medium | 2 00 21/2
15 | su-1-ME-20 6.8 6.9 8 50 Medium 200 2 1/2
16 | su-1-mE-80 5.4 715 Medium | 2 00 2 1/2
17 | 8U-1-SE-0 6.7 | 1.0 74 Severe | 2 00 3 1/2
18 | SU-1-§B-20 | 6.5 | 6.5 745 Severe | 2 00 3 1/2
19 | su-1-sg-80 | 6.2 6.5 5 50 Severe 2 00 3 1/2
20 | m-1-SL-0 1.0 6.3 8 30 Slight 2 0o 11/4
21 | m-1-sL-20 | 6.7 | 6.0 718 Slight | 2 00 11/
22 | m-1-sL-80 | 6.5 | 6.0 7 00 Siight | 2 00 1L/
23 | m-1-Me-0 4.8 | 6.0 6 00 Medium | 2 00 21/2
24 | m-1-M8-20 | 5.2 | 5.8 6 45 Medium | 2 00 21/2
25 | IN-1-¥B-80 58 | 6.0 6 45 Medium | 2 Q0 21/2
26 | IN-1-SE-0 6.5 5.0 810 Severe 2 00 3 1/2
2 IN-1-8E-20 Eg 6.1 73 Severe | 2 00 3 1/2
2| -1-8E-80 . 5.0 705 Severe 2 on 31/2

METHOD OF REVIBRATION, REVIBRATION ENERGY,

Revibration
Time After| Energy | Reinforcement
Mixing Level Accarding to|
Type (nr min) (%) Fig. C-2
Rone - - A
Surface & 00 20 A
Surface 5 00 8o A
None - - A
Surface 4 00 20 A
Surface 4 00 8 A
None - - A
Surface 4 00 20 A
Surface | 4 00 8 A
Rone - - A
Internal| & 00 Low A
Internal| 4 00 High A
None - - A
Interoal| &% 00 Low A
Internal| & 00 High A
None - - A
Internal| & 00 Low A
Internal| & 00 Bigh A

ALl Content Cracking Revibration
() IMme After Time After Reinforcement
Specimen 18t 2nd  |Initial Set Mixing Maux ionum Mixing Energy According to
No.| Designation |Bawch | Bateh | (hr min) |Type | (br win) |Defi. {in) Type (br:min) Level (%) Fig C-2
1 PT-0 > > - - & 00 11/2 Surface 4 00 20 A
2 PT-1 - - - Rone - - Internal | & 20-7 20 - A
5 PT-2 >7 58 750 - 3 00 11/2 Surface 340 po, ko, 60, 80 A
4 PT-3 > >7 T 50 - 2 00 2 1/2 None - - A
5 PT-4 >7 >7 620 - 4 00 21/h None - - A
6 PP-5 5o Sl T3 - 500 11/2 None - - A
7 APT- 5.9 | 55 6% 6% - 2o 31/8 Surface | & 00, 5 00, 20, & A
710
8 APT-2 6.0 | 5.0 | 750 65| - 2 00 3 1/2 None - - A
9 APT-3 8,0 { 5.0 { 5% 5145 - 200 3 1f2 None - - A
1 ACC-1 5.9 | 555 | 6% 650| - 2 00 3 1/8 Surface | 4 o‘_:,, 13 00, 20, 80 A
10 ACC-2 6.1 | > T Hone - - Surface | 4 00, 5 00 20, & A
96 ACC-3 7.0 | 5.5 - Hone - - Surface 4 00 8 A
TABLE C-3
EFFECTIVENESS STUDY—PHASE 2 DESCRIPTION OF SPECIMENS IN
SERIES 2* TIME OF REVIBRATION
Air Content Cracking Revibration
Time Max. Time
Initial After |Defl at After | Boergy |Reinforcement
Specimen 1lst 2nd Set Mixing Midspan Mixing Level | According
Ko. Designation | Batch |Batch [(hr min) | Type {hr min) (1n) Type |(hr min) (%) to Fig. C-2
29 |sy-2-SE-0 4,5 6.5 t 30 Severe 2 00 3 1f2 None - - A
30 | SU-2-8E-20 5.5 5.9 805 Severe 2 00 3 1/2 | Surface b 00 20 A
31 | su-2-5k-80 5.5 6.0 9 00 Severe 2 00 3 1/2 | surface 4 00 8o A
35 | SU-2-SE-QA 5.7 | 6.1 915 |Severe| 2 3 1/2 None - - A
36 | SU-2-SE-20-3 5.8 6.1 8 35 Severe 2 00 3 1/2 | Surface 3 00 20 A
37 [ SU-2-5£-20-7 2.0 | %.2 815 |Severe{ 200 3 1/2 | surface | 7.00 20 A
38 [ su-2-SE-0-B 5.2 | 5.0 755 |Severe| 200 3 1/2 None - - A
39 | sy-2-sSE-80-7 5.4 4,8 3 50 Severe 2 00 3 1/2 | Surface 7 00 80 A
40 |su-2-SE-80-8 1/2| 5.9 ¢o 820 |Severe| 200 3 1/2 | Surface 8 30 & A
45 | su-2-SE-0C 5.1 | 6.3 7.195 |Severe| 200 31/2 None - - A
k4 | SU-2-8B-20-5 5.7 | 5.3 750 |Severe| 200 3 1/2 | surface 5 00 20 A
45 | sy-2-se-80-5 5.7 | 6.1 840 |Severe| 200 3 1/2 | surface 5 00 -] A
32 | In-2-SE-0 ol 6.7 745 Severe 2 00 3 1/2 None - - A
33 | IN-2-51-30-7 5.8 | 6.2 73 |Severe| 200 3 1/2 | Internal| 215 High A
34 | IN-2-SE-80-3 7.0 6.7 8 ks Severe 200 5 1/2 | Internal| 3 00 High A

TABLE C-+4

EFFECTIVENESS STUDY—PHASE 2. DESCRIPTION OF SPECIMENS IN SERIES
3 AND 4° PERCENTAGE OF REINFORCEMENT AND TIME OF INITIAL SET

Alr Cont.;:;,
(%, Initia)
Specicen lst : 2npd Set
No Designation Bal.rhl Batch | (hr min)
*S_el;u 3 - Pe;c-e;{ag:—of Heinforcement
L9 SU-3G-SE-0 5.2 5.7 805
50 SU-3G-SE-80 5.5 | St 745
51 SU-3L-SE-0 5.5 | 95 75
52 SU-3L-Sk-80 5.8 | 5.3 815
59 ANCH-1 4.5 ] 6.0 5 30
|Series 4 - Time of Initial Set
55 SU-4-SL-0 B0 | w.b 345
5h SU-4-5L-20 4.3 | 3.8 3.h9
55 SU-b-SL-80 3.5 | 3.7 3.20
56 SU-4-SE-O0 7.0 | b2 :20
57 8U-4-SE-20 b5 | 4.6 3.25
58 8U-h-3E-80 4.9 6.1 -5

Type

Severe
Severe

Severe
Severe

Slight
Slight
Slight
Severe
Severe

Cracking
Time Max.
After | Defl. aL
Mixing Midspan
(hr otn) (1in)
2 00 31/2
2 00 31/2
200 3 1/2
2 00 3 1/2
2.00 13/4
2.00 11/s
2,00 11/6
2 00 11/4
2 00 3 1/2
2 00 31/2
2 00 53 1/2

Severe

None
Surface

Rone
Surface

Hone

Rone
Surface
Surface

Surface

Surface

Revibration
Time
After | Energy | Relnforcement
Mixing Level | According
{br min) (% Fig. C-2,3,b4
- - c
L 00 & [
- - B
4 00 8 B
- - A%
- - A
3 ® 20 A
300 80 A
- - A
5.00 20 A
3.00 80 A

¥Epde of the longitudinal reinforcement were anchored to the formwork.




TABLE C-5

EFFECTIVENESS STUDY—PHASE 2. DESCRIPTION OF SPECIMENS IN
SERIES 5. CURING CONDITIONS PRIOR TO INITIAL SET

TABLE C-6

EFFECTIVENESS STUDY—PHASE 2 DESCRIPTION OF SPECIMENS IN SERIES 7
EFFECTIVENESS OF REVIBRATION IN CLOSING PLANE-OF-WEAKNESS CRACKS

Air Content gevibration Heating
Time
Initial After Energy Surface Distance of
Specimen 1st 2nd Set Mixing Level Terperature Lanp From
No Designation | Batch | Batch | (hr min) Lype (hr min) (%) (°F) Surface (in
63 5U-5-NO-0 68 69 T35 None - - 110 3
66 SU-5-NO-0A 5.8 5.8 715 None - - 119 9
pe SU-5-N0-80 6.5 6.5 8 00 Surface 0 45 80 110 9
78 SU-5-NO-0B €.6 68 705 Kone - - 95 12
85 SU-5-N0-808 6.0 60 715 Surface 130 8 95 1z
TMeinforcement Type A according to Fig. C-c¢

No Flexural Cracking

TABLE C-7

EFFECTIVENESS STUDY—PHASE 2 DESCRIPTION OF SPECIMENS IN SERIES 8,
9, AND 10 DEFLECTION AT LATER AGE, DIRECTION OF REVIBRATION, AND
EFFECT OF REVIBRATION ON AIR CONTENT DISTRIBUTION AND ABRASION

Alr Content Cracking I 4 Revibration
Time Max. Deflection Tie Rein-

(%) Initial After Defl at of After | Energy | forcemert

Specimen 1st 2pd Set Mixing Midspan | Reinforcement Mixing Level | According

No Designation | Baich | Batch | (hr min)| Type [(hr min) (in) (1a) Type [{(hr win) | (%) to Pig. C-
46 | SU-7-T-M-2 5.6 | 5.8 750 | Medium | 200 2 1/2 0,08 None - - A
47 |SU-7-T-M-4 5.8 56 9 35 Mediun | 2 00 2 1/2 016 None - - A
48 | sU-7-T-M-6 5.7 5.9 7% Medium | 2 00 21/ 0 2k None - - A
67 | SU-7-sE-0-2 617 6.1 7 k0 Severe 2 00 5 1/2 0,08 None - - A
68 |su-7-5E-80-2 | 6.9 6.1 7 40 Severe 2 00 31/fe 0.08 Surface & 00 8 A
86 | su-7-SE-50-2 | 6.0 5.4 7 05 Severe 20U 3 1/2 0 08 Surface 4 00 50 A
€9 |su-7-sE-0-1 | 7.0 | 6.5 8 00 | Severe | 2 00 3 1/2 0,04 None - - A
70 |su-7-sE-80-1( 7.0 69 8 00 | severe 2 00 3 1/2 0.0k Surface 4 00 & A

TABLE C-8

RESISTANCE PHYSICAL AND CHEMICAL PROPERTIES OF CEMENT
M Time :m Max. Defl ‘ﬂ.n:e::::“‘:ery Reinforcement Fmeness: 3’521 cm’/g
r . .
Specimen ug') 2nd |Initial Set Mixing | At Midspan Mixing | Level | According to| Autoclave expansion® 0025 per cent
No.| Designation | Batch | Batch | (hr min) Type |(br.min) (1n) Type | (br:min) (%) Pig. C-2 Initial set* 2°30 hr
erice 8 - Deflection at Later Age Final set: 4 30 hr
T su-g_-sx-o 2.7 2'5 6.50 :vere t.;o g iﬁ s‘m 5.0 - : Aur content: 10.0 per cent
- - . . . . e o .
R §3_5.§§§g 6.3 s.i Zs:gg Bovers u:£ 31/2 Surface | 5.00 & A Compressive strength, 3 days. 2,908 ps1
Serles 9 - Direction of Revibration 7 days* 4,525 psi

| Saseae| 23 &3 T v | 200 3 i;: Surtace| b 0 ® A CALCULATED COMPOSITION ALKALI CONTENT

77 | su-9-ge-8ov| 6.2 | 6.1 6:35 Severe | 2:00 31/2 Surface| 4 00 8 A -
COMPOUND % COMPOUND % COMPOUND %

83 | su-9-gB-50P | 6.6 | 6.2 6:50 Severe | 2:00 3 1/2 Surface ::oo 50 A

8k | 8U-9-8E-50V | 5.2 5.0 6:00 Severe | 2 00 3 1/2 Sur:lce .00 50 A $i0, 21.42 C.S 59.2 Na,0 0.1

o »erieuolo -;tte:tlot Rev:brnuon-’tm Alr CO::::t Dietribution and Abrasion :::‘:.:nce ‘oo o . Al,Oa 5.01 Czs 17.0 K,O 0.38

88 :g:io::g:eo 5.8 Z:o 6:g§ None - - Surface| 400 () A Fe,0s 2.09 CA 97

& | sv-10-B0-50| 6.7 | 5.8 7.15 None - - Surface | & 00 50 CaO 65.14 C.AF 6.3
MgO 185
SOs 226
Loss on ignition 178
Insoluble residue 042
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TABLE C-9
PROPERTIES OF AGGREGATES USED IN THE LABORATORY STUDIES
BULK
CUMULATIVE PERCENT PASSING SPEC
FINENESS GRAVITY,

TYPE 11N, 3 IN, 121N 38 IN. No. 4 No.8 No.16 NO0.30 No 50 No. 100 MODULUS SSD
Sand 100 100 100 100 100 92 74 43 14 3 274 2.60
Coarse aggregate 98 87 42 14 4 — — - —_ —_ 697 266

specified in ASTM C 494, The retarder used in this in-
vestigation was purchased directly from the manufacturer
It conformed to the specifications of the manufacturer
and was similar to the sample used in the experiments of
the independent testing laboratory. This was verified by
a chemical analysis conducted by the manufacturer.

Intermedsate grade deformed bars conforming to ASTM
designations A 15-64 and A 305-64 were used as reinforce-
ment The materials used n this investigation are ap-
proved by most state highway departments.

CONCRETE MIX PROPORTIONS

The following mix was used throughout this mvestigation:

Water 300 Ib/cu yd.

Cement. 467 Ib/cu yd.

Coarse aggregates. 1,500 Ib/cu yd; SSD.
Fine aggregates. 1,510 1b/cu yd, SSD

These values correspond to a water-cement ratio of 0 65
and a cement factor of 5 bags/cu yd. The slump of the
concrete ranged between 2 and 4 in All aggregates were
dried on a heated floor prior to casting The water-cement
ratio is higher and the cement content 1s lower than the
values normally recommended for concrete bridge deck
construction. This choice was made to keep the com-
pressive strength of the retarded concrete below 6,000 psi
and to make the effect on concrete durability of the pa-
rameters to be studied in this investigation more apparent

FABRICATION OF SPECIMENS

The mixing and casting procedures employed for all speci-
mens were as follows A 75 cu-ft batch was mixed in a
batch plant with a horizontal tub mixer. The dry -
gredients were first mixed for 1 muin. Then, some water
containing the air-entraining agent and an additional
amount of water containing the retarder were added to the
mix The wet mixture was then mixed for 4 min. Then,
the concrete was placed i the formwork described pre-
viously 1n “Description of Specimens” and shown in Fig-
ure C-1 Two batches were required for each slab, and
one-half of each slab was cast from one batch The con-
crete was initially vibrated with an internal vibrator After
the excess concrete was struck off, the surface was hand-
fimished with a magnesium trowel.

Compression test cylinders were cast for several batches

of concrete to determine the 28-day strength. Time of
imtial and final set were determined for each batch from
a penetration test in accordance with ASTM C 403-68.

All specimens were covered with a plastic sheet ap-
proximately 7 hr after casting. Specimens that had to be
tested in the hardened state were moist-cured for a period
of 7 days in a fog room and were then exposed to air dry-
Ing at a relative humidity of approximately 50 percent and
a temperature of 70 F  Specimens that were used only to
determine cracking and effectiveness of revibration of fresh
concrete received no curing treatment beyond the first day

Finol Set =Y 1

ﬂemrdod Concrere

Penetration Resistance , ps:

o
Non-
T Retordes Concrete

—

initigl Set N\ /
o1 L /1 | l
L) 1 2 3 . ) . r . . 10 " ”

Time After Mixing, Hours
Figure C-5 Typical results from penetration test of retarded and
nonretarded concrete
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TEST PROCEDURES

Development of Cracks in Fresh Concrete

Between 2 and 4'%2 hr after mixing the concrete slabs and
the formwork were deflected upward by means of a hydrau-
lic jack (Fig. C-1). The slabs were deflected in increments
of approximately 3% in. After each increment the deflec-
tion was kept constant for a period of approximately
2 min. Deflection was continued until either slight, me-
dium, or severe cracking (as defined subsequently) was
developed. The deflection of the formwork was kept
constant at the desired final value until the hardened
concrete slabs 'were removed from the formwork. The
extent of cracking was defined as follows:

AVERAGE
CRACK
MAXIMUM SPACING MIDSPAN
CRACK WIDTH AT SUR- DEFLECTION
CRACKING AT SURFACE (IN.) FACE (IN.) (IN.)
Slight 1to 2X 103 5to 10 0.5
Medium 5to 10 X 103 2to 3 2.0
Severe 30to 50 X 103 1to 2 35

After deflection, the surfaces of the slabs were inspected
for cracks, the cracks were marked, and in some tests the
crack width was measured by means of a microscope.
Figure C-6 shows a deflected slab and formwork.
Initially the major emphasis was placed on the study of
the effectiveness of revibration in closing cracks that may
have been caused by formwork deflections. However,
during the course of this investigation it became apparent
that revibration may be at least as significant as a means of
repairing subsidence cracks, although subsidence cracking
or the formation of planes of weakness with an increased
porosity could not be observed to any significant extent in
the standard specimens. Nevertheless, it was desirable to
investigate the effectiveness of revibration in closing plane-

S

Figure C-6. Deflected slab and formwork—Phases 2 and 3b.

of-weakness cracks. Such cracks were, therefore, gen-
erated artificially by lifting the top reinforcement of the
slabs some time after casting. For this, Y4-in. bolts were
attached to the top reinforcement and protruded through
the bottom plate of the formwork near the center of the
slab. Horizontal cracks at the level of the top reinforce-
ment were generated 2 hr after mixing by pushing the
bolts upward by an amount of 0.04 or 0.08 in. In addition,
the slabs were deflected as described previously.

Revibration Methods

Most specimens were revibrated between 2 and 7 hr after
mixing. Either a surface screed or internal vibrators were
employed.

For internal vibration a vibrator tube with a diameter of
2 in. was immersed in the concrete for a period of 20 sec.
The revibration energy was varied by varying the distance
between insertions of the vibrator. Distances of 12 and
24 in. were selected for high and low energy levels, respec-
tively. The vibrator had a frequency of approximately
7,000 rpm.

A surface screed used for surface revibration is shown
in Figure C-7. An electrically powered vibrator was
mounted on a channel 8 in. wide. A metal plate 15 in.
thick was attached to the bottom of the channel and bent
upward on both ends to assure easy gliding of the screed.
The vibrator could be mounted on the channel in such a
way that the direction of vibration was either parallel or
perpendicular to the forward movement of the screed.
During revibration the vibrating screed could slide along
the sides of the formwork. Rubber cushions between the
screed and the formwork kept transmission of vibration
energy from the screed directly into the formwork to a
minimum. The vibrator mounted on the vibrating screed
had an adjustable eccentricity and frequency. The fre-
quency chosen for this investigation was approximately
3,200 cpm. The vibrator could produce a maximum cen-
trifugal force of 900 Ib. A value of 720 Ib, corresponding
to 80 percent of the maximum, was selected for the high
revibration energy level; a value of 20 percent of the
maximum, corresponding to a centrifugal force of 180 b,
was selected for the low energy level. In a few cases an
intermediate energy level equivalent to a centrifugal force
of 50 percent of the maximum, or 440 lb, was employed.
The speed of forward movement of the screed was
approximately 7.5 ft per min.

Determination of the Effectiveness of Revibration

Approximately 20 days after casting some concrete slabs
were sawed lengthwise, with a portable saw, into three
segments 1 ft wide. The sawed sections were then in-
spected for cracks with a microscope; subsequently, the
cracks were marked and recorded.

Severe Curing Conditions

In Series 5 an attempt was made to simulate severe ex-
posure conditions of the fresh concrete that might lead to
surface crusting. Approximately 45 min after casting, the
surfaces of specimens in Series 5 were heated to tem-
peratures of 95 and 110 F, respectively, over a period of



12 hr or 45 min, respectively. At the same time an air
current generated by an electric fan was blown across the
concrete surfaces. The heat was generated by 250-watt
heating lamps that were spaced 8 by 12 in. apart and that
were placed either 12 or 9 in., respectively, above the con-
crete surfaces. After heating, some of the slabs were
revibrated, as indicated in Table C-5.

Determination of Air Content

The air content of the fresh concrete mix was determined
by the pressure test according to ASTM C 457-66T.

The air void parameters of the hardened concrete were
obtained by using the modified point count apparatus in
accordance with ASTM C 457-66T. Cores with a diameter
of 4 in. were taken from hardened concrete slabs. The
finished surfaces of the cores were lapped only slightly
until the surface roughness was eliminated. Thus, it was
possible to determine the air content near the surface. To
obtain the air content distribution over the entire thickness
of the specimen the cores were then sawed at distances of
Ya, V2, %, 1, 3, and 5 in. from the top surface. Each
section was prepared by lapping. The air voids were then
counted by using the modified point count apparatus. This
procedure also was used to calculate the cement paste
content. Each slice was traversed individually, and even-
tually all traversed for one specific series were combined
into a single calculation of air void parameters.

Because of batch to batch variations in the air content
of the fresh concrete it was difficult to determine conclu-
sively the influence of surface revibration on the air con-
tent distribution in the concrete. Therefore, three addi-
tional slabs (Series 10) were cast and revibrated at energy
levels of 20, 50, or 80 percent. Only half of the surface
of the concrete from each batch was subjected to revibra-
tion. Cores were then taken from both the revibrated and
the nonrevibrated sections of the slabs. Thus, the effect of
revibration on air content distribution could be determined
on concrete samples that were cast from the same batch.

Determination of the Effect of Revibration on
Concrete Compressive Strength and Concrete Density
(Series C)

Three groups of tests were conducted to determine the
influence of revibration on compressive strength and den-
sity of concrete. In the first group, prisms 6 by 6 by 18 in.
were cast horizontally using the same mix as described for
the main test series. Four hours after mixing several prisms
were revibrated on a vibrating table in a horizontal position
for a period of 40 sec, as described in “Revibration Meth-
ods” in Appendix D. During revibration a metal plate
producing a vertical static pressure of 0.3 psi was placed
on the surface of the prisms. Either retarded or non-
retarded concrete was used. The compressive strength of
the specimens was then determined after 3, 7, 28, and
90 days, respectively.

In an additional series the velocity of a sonic pulse
through revibrated and nonrevibrated concrete slabs 3 ft
by 8 ft by 6 in. was determined. It was assumed that an
increase of concrete density due to revibration or due to
the closing of cracks may result in a marked increase of
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Figure C-7. Surface screed used for revibration of reinforced
concrete slabs.

the pulse velocity. The pulse velocity was determined both
through the thickness of the slabs and along the slab
surface.

The results from the pulse velocity measurements were
inconclusive, and additional cores with a diameter of 4 in.
were taken from both revibrated and nonrevibrated slabs.
Their density and compressive strength were determined.

Distribution of Revibration Energy Across the
Thickness of a Slab (Series ACC)

To obtain some information regarding the distance from
the top surface at which surface revibration may still be
effective, accelerometers were placed vertically in three
concrete slabs at various depths from the surface. The
accelerometers were covered with an impermeable layer
and then were cast in a cube of plaster of paris with side
lengths of approximately 3% in. Thus, the over-all specific
weight of the accelerometers was reduced and was com-
parable to that of the coarse aggregates used in the con-
crete mix. The accelerometers were placed approximately
0.75, 2.5, 3.75, and 5.25 in. from the concrete surface.
They were tied with string to a small metal frame con-
sisting of individual V4-in. steel bars. This metal frame in
turn was fastened to the reinforcement of the slab. Dur-
ing surface revibration the output of the accelerometers
was measured and recorded on an oscillograph and mag-
netic tape.

EXPERIMENTAL RESULTS

Development of Cracks in Fresh Concrete
(Series P, 3, 4, 5, and 7)

Flexural cracks were generated by deflecting the form-
work supporting the fresh concrete 2, 3, or 4 hr after mix-
ing. Figure C-8 relates maximum crack width at the con-
crete surface with the deflection and the curvature of the
concrete at midspan. Maximum and average crack width
are summarized in Table C-10. Crack spacing as a func-
tion of midspan deflection is shown in Figure C-9. Fig-
ure C-10 shows crack patterns on the concrete surface for
“slight,” “medium,” and “severe” cracking, corresponding
to midspan deflections of 0.5, 2, and 3.5 in., respectively.
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TABLE C-10
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MAXIMUM AND AVERAGE CRACK WIDTH, AND AVERAGE CRACK SPACING IN

DEFLECTED CONCRETE SLABS, SERIES P—PHASE 2

TIME OF DEFLECTION

2 HR AFTER CASTING

3 HR AFTER CASTING

4 HR AFTER CASTING

AVG AVG AVG.
CRACK WIDTH (IN ) CRACK CRACK WIDTH (IN.) CRACK CRACK WIDTH (IN ) CRACK

DEFLECTION - 7 SPACING SPACING " 7  sPACING

(IN) MAX. AVG (IN) MAX, AVG. (IN) MAX. . AVG (IN)

%] 0.001 0.0005 8 0.001 0 0005 10 0 0005 0 0005 9

1 0.002 0001 7 0002 0001 5 0.005 0001 7

1% 0.005 0002 — 0005 0002 — 0.008 0.002 —_

2 0.008 0002 3 0 006 0002 2 0010 0.004 2

215 0015 0003 —_ 0007 0003 — 0020 0008 —

3 0.020 0004 2 0008 0004 2 0.040 0.009 2

314 0040 0.005 1 0009 0.005 — 0050 0010 —

4 — — — 0.010 0.007 — 0.050 0.010 —_

Figure C-11 shows crack patterns in sections of concrete
that were deflected 2 hr after mixing and sawed into
segments 14 days later.

The data indicate that maximum and average crack
width and average crack spacing are little affected by varia-
tions of the age of concrete at the time of deflection. For
slabs deflected between 2 and 4 hr after mixing, a curvature
in excess of 0.0015 in - 1s required to generate cracks ex-
ceeding a depth of %2 1in. Even at a deflection of 3V2 1n.,
only a few cracks penetrated to the level of the top re-
inforcement. However, tests conducted at a later time
indicated that specimens deflected 42 hr after mixing, or
approximately 2 hr before mmtial set, had deeper cracks,

although the spacing and maximum and average crack
width did not significantly deviate from the values observed
on specimens that were deflected earher This 1s shown 1n
Figure C-12, where cracked sections of specimens deflected
2 or 4Y2 hr after mixing are compared. The penetration re-
sistance of the concrete 1n some of the slabs when deflected
4 hr after mixing was still zero, or only shghtly larger,
whereas the resistance of slab SU-8-SE-O, deflected 42 hr
after mixing, had a penetration resistance of 17 psi.
Durning deflection of the slabs the concrete started to
separate from the ends of the formwork at a deflection of
approximately %4 in., corresponding to a curvature of
1.9 X 10~ n.~', The gap between concrete and formwork
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may be considered a crack, and it was hypothesized that
the concentration of deformation at this gap may be re-
sponsible for the shallowness'of the flexural cracks in the
center part of the slab. Therefore, the longitudinal re-
inforcement of one specimen (ANCH-1) was anchored to
the ends of the formwork to avoid the separation of the
concrete from the formwork, The slab was deflected 2 hr
after mixing, and separation of the concrete from the form-
work was indeed avoided. However, spacing, width, and
depth of the cracks did not significantly deviate from those
observed 1n previous tests

Two distinctive types of cracks were found m most
specimens Cracks either extended from the concrete sur-
face (referred to as surface cracks) or formed around the
reinforcement without reaching the surface (referred to as
internal cracks). It s likely that the latter cracks are due to
relative movement of the fresh concrete with respect to the
reinforcement that may occur during deflection of form-
work and concrete.

The flexural cracks were concentrated near reinforcing
bars perpendicular to the applied moment, particularly for
shight and medium cracking. A more even distribution of
cracks was observed 1n severely cracked slabs.

Under the normal laboratory environment of 72 F and
50 percent relative humidity no significant shrinkage crack-
ing or subsidence cracking were observed prior to or after
initial set. In the case of severe drying conditions before
mitial set (wind; 95 and 110 F), which were studied in
Series 5, severe shrinkage cracks penetrated beyond the
level of the top reinforcement (Figs. C-28 and C-29).

Subsidence cracking or formation of planes of weakness
could not be observed either under regular laboratory con-
ditions or under simulated wind and high-temperature
conditions. Planes of weakness were, therefore, generated
artificially as described previously for a study of the effec-
tiveness of revibration 1n repairing such cracks. A surface
and a cross section of a specimen with artificial and hori-
zontal cracks and flexural cracks is shown in Figure C-13.
The horizontal cracks at the level of the top reinforcement
had a width of approximately 30 X 10~ mn. In addition,
cracks appeared on the concrete surface that were per-
pendicular to the flexural cracks and that had a width of
approximately 10 to 40 X 10-3 1n.

Nonretarded concrete slabs with an initial set 3 hr
45 min after muxing were deflected 2 hr after casting.
These specimens had cracking characteristics similar to
those observed 1n retarded concrete (Fig. C-23). Vana-

tions 1n percentage of reinforcement had httle effect on
flexural cracking (Figs. C-26 and C-27). In Figure C-14
the average depth of surface cracks of all nonrevibrated
specimens that were deflected severely is given as a func-
tion of the penetration resistance at the time of deflection.
Included in this diagram are the results from specimen
SU-4-SE-20 which was revibrated at a low energy level
when the concrete had already reached a penetration re-
sistance of 45 psi. Revibration was effective and it is
reasonable to assume that the cracks observed after re-
vibration were already present prior to revibration. Figure
C-14 shows clearly that the surface cracks become deeper
as the penetration resistance increases. For values of the
penetration resistance larger than 15 psi, most cracks
reached the level of the top reinforcement and thus may
be detrimental to concrete durability.

In conclusion, 1t may be stated that cracking in a bridge
deck due to formwork deflection without surface crusting
several hours before initial set 1s insignificant because the
cracks are comparatively shallow and because deflections
required to develop severe cracking are considerably larger
than the deflections that may be expected in the field as
long as reasonable construction practices are maintained.
However, deflections occurring shortly before initial set or
after the penetration resistance has reached approximately
15 psi may cause severe and deeper cracking.

Effectiveness of Revibration in Closing Cracks in
Fresh Concrete

Method of Revibration; Revibration Energy and
Extent of Initial Cracking (Series 1, 7, and 9)

A survey of available equipment and consultation with
highway departments indicated that at present it is not
feasible to revibrate bridge deck concrete with external
vibrators. The formwork may not be sturdy enough to
withstand the stresses resulting from external vibration. In
addition, mounting of vibrators under the formwork would
be difficult, time-consuming, and uneconomical. Further-
more, laboratory tests indicated that external revibration
may require the application of a dead weight to the con-
crete surface during revibration to prevent the formation
of additional cracking and a reduction 1n concrete density.
Such precautions are not practical in the field construction
of bridge decks. Therefore, the effectiveness of external
vibration in closing cracks in the fresh concrete was not
studied.

Figure C-15 shows the surface of a slab that was se-

Figure C-13, Concrete slab with artificial plane-of-weakness cracks
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(SU-8-SE—-0)® O (SU-4-SE-20)

O(SU-4-SE-0)

® Retarded Concrete

O Non-Retarded Concrete

Average Depth of Surface Cracks, in
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. | | | | |
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Penetration Resistance, psi

Figure C-14. Influence of age of concrete at time of deflection on depth of surface
cracks. Results from Series 1, 2,4, 8, and 9. Severe cracking.

verely cracked and internally revibrated 4 hr after mixing. ternally revibrated 4 hr after mixing. The slabs were not
Half of the slab was hand-finished after internal revibra- finished after revibration. Internal revibration did not
tion. Cracks on the concrete surface of the unfinished half close all surface cracks or cracks around reinforcing bars.
are marked. Figure C-15 shows that internal revibration Variation in revibration energy (i.e., the spacing between
closes cracks only in the immediate vicinity of the area at vibrator insertions) had little influence on the effectiveness
which the vibrator was inserted. Some surface cracks can of internal revibration. Because of this limited success,
be closed by subsequent hand-finishing as long as the con- internal revibration was not investigated further.
crete has sufficient workability, but this is a cumbersome Cross sections of cracked concrete slabs that were re-
and time-consuming operation. vibrated with a surface screed 4 hr after mixing are shown
Figure C-16 shows the distribution of cracks within the in Figure C-17. Most surface and internal cracks in the
cross section of slabs that were severely cracked and in- center part of the slab were closed at the low and the high
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Figure C-15. Internally revibrated concrete slab. Right half of slab finished
after revibration.
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Figure C-16 Sections of severely cracked concrete slabs Internal revibration at low or high energy level 4 hr after mixing.

energy level of revibration The areas up to 6 in away
from the ends of the slabs were not revibrated The surface
appearance of the slabs after revibration was very good,
and no additional finishing, except brooming or belting,
would be necessary. Additional finishing immediately after
revibration 1s, however, possible, because surface revibra-
tion tends to drive some moisture to the surface.

The effectiveness of surface revibration n closing hori-
zontal plane-of-weakness cracks 1s shown in Figure C-18.
Cross sections of slabs from Series 7, in which flexural
cracks and horizontal cracks were generated 2 hr after
mixing, are shown, The specimens were revibrated with
a surface screed 4 hr after mixing at an intermediate or
high energy level Surface revibration was very effective.
With the exception of the end regions, which were not
revibrated, all cracks were closed.

With the exception of the tests in Series 9, the vibrator
was mounted on the screed with the plane of rotation of
the vibrator parallel to flexural cracks and perpendicular to
the forward motion of the vibrating screed. In Series 9 the
vibrator was mounted with the plane of rotation parallel to
the direction of forward motion of the screed. Both meth-
ods were equally effective in closing cracks. However, at
high energy levels the surface of the concrete was not as
smooth, and required additional finishing after revibration

in the latter case. Vibration perpendicular to the forward
motion of the screed 1s therefore preferable.

No specific value for the required mmimum revibration
energy can be given because of the lack of a suitable
method to measure and evaluate vibration of fresh con-
crete. However, experience gamed during this investiga-
tion indicates that a revibration energy level that 1s suf-
ficient to drive a slight moisture film to the entire concrete
surface 1s also sufficient to close most cracks

Time of Revibration (Series 2, 4, and 8)

Because cracking either due to formwork deflection or due
to subsidence of the concrete will be severe and harmful
only 1f 1t occurs several hours after mixing, 1t is essential
that revibration be conducted as late as possible. How-
ever, the period of time during which revibration 1s possi-
ble 1s limited because the workability of the fresh concrete
decreases rapidly as the concrete approaches its initial set.
Three test series were conducted to determine the maxi-
mum age of concrete at which revibration may be
successful

Figures C-19 and C-20 show sections of slabs that were
deflected at an age of 2 hr and that were revibrated be-
tween 3 and 7 hr after mixing at an energy level of 20 per-
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cent. Figures C-21 and C-22 show crack patterns that were
observed in slabs revibrated between 3 and 8% hr after
mixing at an energy level of 80 percent. Crack patterns
for nonretarded concrete revibrated after 3 hr are shown
in Figure C-23. Revibration at the lower energy level was
reasonably effective in repairing cracks in retarded con-
crete up to 5 hr after mixing. Most cracks in retarded
concrete could be closed up to 7 hr after mixing at the
higher energy level. The time during which surface re-
vibration may be effectively conducted depends on the
particular concrete and curing conditions. It is, however,
more 1nstructive to use a parameter that depicts the stiff-
ness of the concrete at the time of revibration. Therefore,
the number of external and internal cracks observed in
slabs that were surface-revibrated at various ages are
shown in Figure C-24 as a function of the penetration
resistance of the concrete according to ASTM 403-68. The
regions within 12 in. of the ends of the specimens were
excluded in determining the number of cracks, inasmuch
as they were not revibrated. Figure C-24 includes all data
obtained from retarded and nonretarded concrete slabs as
well as from specimens that were deflected 414 hr after
mixing. The number of surface cracks in slabs that were
not revibrated ranged from 13 to 21, with an average of
17. Between 3 and 7 internal cracks were observed in the
nonrevibrated specimens. Revibration at an energy level of
20 percent is effective if conducted at a penetration re-
sistance below 30 psi. Revibration at an energy level of
80 percent is effective at a penetration resistance below
60 psi. The relationships of Figure C-24 are valid for both
retarded and nonretarded concrete. Thus, the influence of
retarder, setting time, and time of revibration on effective-
ness of surface revibration can be expressed by one pa-
rameter—the penetration resistance.

Figure C-25 shows crack patterns that were obtained
from specimens deflected 412 hr after mixing. As noted
previously, late deflection resulted in cracks deeper than
those observed 1n slabs that were deflected between 2 and
4 hr after mixing. Figure C-25 shows that most cracks
could be closed by surface revibration 5 hr after mixing at
an energy level of 80 percent; the number of cracks ob-
served after revibration can be expressed by the same
relationship shown in Figure C-24 for the slabs deflected
2 hr after mixing.

The criterion for the required minimum revibration
energy given in the previous section was confirmed by the
tests conducted in Series 2, 4, and 8. Revibration is effec-
tive as long as a thin moisture film appears on the entire
concrete surface. If the concrete is too stiff to be revibrated
effectively the surface screed tends to ride on the high spots
of the concrete surface, and the areas between the high
spots remain virtually unrevibrated.

Effect of Reinforcement Detailing (Series 3)

A study of reinforcement detailing was included in an
attempt to form planes-of-weakness cracks and subsidence
cracks. As mentioned earlier, variations in reinforcement
did not have this effect, Figures C-26 and C-27 show crack
patterns in concrete slabs with a percentage of the top
reinforcement perpendicular to the cracks of 0.57 and

1.28, respectively, The slabs were cracked severely 2 hr
after mixing and were revibrated 4 hr after mixing. The
observed crack patterns are not significantly influenced by
the reinforcement. Revibration at the 80-percent energy
level repaired most of the cracks.

Effect of Curing Conditions (Series 5)

In the first subseries, concrete slabs were exposed to hot,
dry air generating a temperature of 110 F at the concrete
surface for a period of 45 min. This treatment resulted in
severe crusting of the surface and the formation of deep
shrinkage cracks, as shown in the top portion of Figure
C-28. The specimens were revibrated with the surface
screed at the 80-percent energy level immediately after
heating. The crack patterns observed in a specimen after
revibration are shown in the lower part of Figure C-28.
Although most of the deep cracks could be closed by re-
vibration, the surface crust was not broken, and a large
number of shallow surface cracks was generated by re-
vibration. The concrete surface was rough, and finishing
after revibration was difficult.

Figure C-29 shows the crack patterns in slabs that were
heated for 90 min to a temperature of 95 F at the concrete
surface. The exposure to hot and dry air resulted 1n crust-
ing and shrinkage cracks, as shown in the top half of
Figure C-29. Most of the cracks were repaired by surface
revibration. The surface crust was partially broken. How-
ever, fimshing after revibration was still necessary to obtain
a smooth surface.

In these tests it became apparent that surface revibra-
tion can improve moderately crusted concrete surfaces.
However, it cannot completely eliminate the effects of
severe exposure of fresh concrete to warm and dry air,
because the extensive finishing required after revibration
will cause considerable problems in actual bridge deck
construction.

Effect of Revibration on Concrete Strength (Series C)

Figure C-30 shows the influence of revibration on the
compressive strength of prisms 6 by 6 by 18 in. Four
specimens were tested for each combination of variables.
Revibration had no statistically significant effect on the
compressive strength of retarded concrete. The compres-
sive strength of the nonretarded concrete was increased
slightly by revibration.

These data agree with the findings of previous investiga-
tions described in Chapter Two. According to these stud-
1es, revibration several hours before initial set has little
influence on the compressive strength of concrete. Re-
vibration shortly before or after initial set may, however,
lead to a noticeable increase of concrete compressive
strength. At the time of revibration the retarded concrete
was 3 hr away from its initial set. Consequently, revibra-
tion had lttle effect on compressive strength. The non-
retarded concrete was revibrated 1 hr before its initial set;
this resulted in the strength increase observed by other
investigators.

Pulse velocity measurements through the thickness of
revibrated and nonrevibrated slabs were used to evaluate
the effect of surface revibration on strength and density of



Figure C-20 Influence oy concreté age on effectiveness of surface revibration. Retarded concrete
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tion 3 hr after mixing
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Figure C-27. Influence of top reinforcement on effectiveness of surface revibration Reinforcement Type C Concrete cover 1 in
revibration 4 hr after mixing

retarded concrete, The results of these studies are sum- the 80-percent energy level led to an increase of umt
manzed. in Table C-11. According to these data, surface weight, strength, and relative dynamic modulus. From
revibration at an energy level of 20 percent resulted in a
shight reduction of umt weight, compressive strength, and
relative dynamic modulus, compared to the corresponding
values for the nonrevibrated slabs. The observed differ-  Sf€ct on concrete compressive strength and density At
ences for these three values are consistent with each other ~ higher energy levels it may lead to a shight improvement of
but are not statistically significant. Surface revibration at these concrete properties

these data as well as from the results of previous studies
it 1s concluded that revibration has very little damaging
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Figure C-28. Effectiveness of surface revibration in closing early shrinkage cracks due to severe exposure conditions Concrete surface
ture: 110 F Duration of heating: 45 nun
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Figure C-29. Effectiveness of suiface 1evibiation in closing early shrinkage cracks due to severe exposure conditions Concrete surface
ture: 95 F Duration of heaung 1Y5 hr

Effect of Revibration on Air Void Characteristic of marized 1in Table C-12. According to Figures C-31, C-32,
Concrete (Series 10 and Phase 3b) and C-33, the hand-finishing procedures resulted in a re-

. duction of the air content and 1in an increase of the paste
The distributions of air content, paste content, and spacing  .oneent close to the concrete surface, even 1n concrete that

factor 1n revibrated and nonrevibrated concrete are shown was not revibrated, Surface revibration increased this
in Figures C-31, C-32, and C-33 The data are sum- effect.
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Figure C-30. Effect of revibration on compressive strength of retarded and non-
retarded concrete prisms 6 by 6 by 18 in. Revibrated for 40 sec on a vibrating
table. Time of revibration. 4 hr after mixing.




The following summarizes the spacing factors of the
surface layers of surface revibrated and nonrevibrated
sections of three slabs

SPACING FACTOR AT SURFACE (IN.)
ENERGY LEVEL

(%) NO REVIBRATION REVIBRATION
20 0.0068 0.0074
50 00067 00078
80 0.0073 0.0079

Revibration caused an increase of the spacing factor that
was small and should not be of major sigmficance for con-
crete durability as long as the mtial air content of the
concrete 1s sufficient. Revibration did not affect the air
void system of concrete at a distance of more than 1 1n
from the concrete surface.

The influence of external revibration on the air void
characteristics was investigated in Phase 3a of the dur-
ability studies. The data appear 1n Tables C-13 and C-14.
No pronounced effect of external revibration on the air
void characteristics and the paste content of the concrete
could be observed masmuch as the differences between the
properties of revibrated and nonrevibrated concrete are
within the accuracy of the experimental procedures and the
variations to be expected 1n concrete.

Distribution of Revibration Energy
(Series P and Series 1, Phase 3a)

Three specimens 3 ft by 8 ft by 6 in of the pilot Series P,
Phase 2, were used to measure the distribution of vibration
energy 1n surface-revibrated concrete. Six companion speci-
mens 22 by 22 by 6 in. of Series 1, Phase 3a, contained
accelerometers to determme the distribution of vibration
energy during external revibration. The specimens were
revibrated 4 hr after mixing at different energy levels

The vertical acceleration of aggregate particles in con-
crete during external revibration of small slabs on a vi-
brating table described 1n “Revibration Methods” of Ap-
pendix D 1s shown in Figure C-34 as a fraction of the
acceleration of gravity, g, for specimens with and without
a dead weight on the concrete surface. Inasmuch as the
vibration energy 1s introduced into the specimen through
the bottom of the formwork, the acceleration decreases
with increasmg distance from the bottom. However, place-
ment of a steel plate on the concrete surface markedly re-
duced this tendency and resulted in a more uniform dis-
tribution of the revibration energy.

The results of accelerometer measurements at the cen-
ter of the large slabs that were surface-revibrated at an
80-percent energy level are shown in Figures C-35 and
C-36. The data obtamned at a 20-percent energy level are
shown 1n Figures C-37 and C-38. Generally, the accelera-
tion decreases with increasing distance from the concrete
surface (see Figs. C-35 and C-37). However, particularly
at the high energy level, revibration 1s transmitted from the
surface screed through the sides of the formwork that sup-
ports the screed into the bottom plate of the formwork
Consequently, the concrete at the bottom of the specimen
1s accelerated more than the regions at midheight of the
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TABLE C-11

EFFECT OF SURFACE REVIBRATION ON UNIT WEIGHT,
COMPRESSIVE STRENGTH AND RELATIVE DYNAMIC
MODULUS OF CONCRETE SLABS, SERIES C (SAME
SPECIMENS AS SERIES 1)—PHASE 2

From Cores From Pulse Velocity
Specimen Compressive Relative Dynamic
Designation Revibration Unit We: Strength Modulus of Elasticityd#
(tbe/. (psl)
SUI-SE-0 none 1h2.4w 5800% 1.00%
SUI-SE-20 20 PLIMY 5760 0.98
SUI-SE-80 8 143.5 6050 1.06
SUI-ME-O none - - 1.00
SUI-ME-20 20 - - 1.0
SUI-ME-80 80 - - 1.08
SUI-SL-0 nooe - - 1.00
SUI-SL-20 20 - - 0.96
SUI-sL-8 & - - 1.06

#average of 6 vulues
#gverage of 21 readings

""lhevg

e
/

bguve dynamic modulus of elasticity given above corresponds to the ratio
vhere V, is the sonic velocity determined for the slab in question vhile

vy la t.ﬁe average sonic velocity through the non-revibrated alab vithin each group.

specimen. 1t 1s likely that the amount of revibration
energy that may be transmitted through the sides of the
formwork decreases as the width of the slab is increased
and, therefore, may be negligible in actual bridge decks.
Figures C-36 and C-38 show that the acceleration at the
center of the slabs decreases as the distance of the vibrating

TABLE C-12

EFFECT OF SURFACE REVIBRATION ON AIR VOID
CHARACTERISTICS OF CONCRETE, SERIES 10—PHASE 2

Paste Spacing
Distance Air Content Content Factor
From Ko No No

Specimen Section Bottom | Revibration | Rev. | Rev. | Rev. Rev. Rev. Rev.

Designation (in ) (# (%) (%) (¢) (%) (in.) | (1n.)

SU-10-K0-20 A 6.00 20 4,02 | 3.51 | 35.0 | 38.2 | 0.0068 | 0.007k
B 5.75 5.50 | 5.10 | 22.1 | 29.2 | 0.006k | 0.0058
c 5.50 6.22 | 5.8 | 20.0 | 18.% | 0.0062 | 0.0068
D 5.25 5.90 | 6.18 | 24,9 [ 27.1 | 0.0066 | 0.0061
E 5.00 5.55 | 5.8 ]| 23.8 | 25.2 | 0.0070 [ 0.00Tk
F 3.00 5.38 | 5.18 | 2k.4 | 22.3 | 0.0066 [ 0.0063
G 1.00 5.38 | 5.88 | 22.0 | 2u.2 | 0.0073 | 0.0069

Air Content From Pressure Method 6.10%

SU-10-NO-50 A 6.00 50 b.62 | 2,93 | 38.7 | 43.4 | 0.0067 | 0.0078
B 5.75 4,93 | 4.2k | 20.5 | 22.8 | 0.0069 | 0.0068
c 5.50 4,40 | 5.58 | 25.3 | 25.9 | 0.0068 | 0.0057
D 5.25 4.2k | 4,56 | 24,4 | 23.3 | 0.0088 | 0.0066
E 5.00 3,99 | 4.30 | 21.3 | 22.6 | 0.0078 | 0.0066
F 3.00 S.4b | B.12 | 25.6 | 25.2 | 0.0063 | 0.0083
G 1.00 6.35 | 5.00 | 51.2 | 24.7 | 0 0061 | 0.00T2

Alr Content From Pressure Method 5.5%

SU-10-N0-80 A 6.00 8 3,20 | 3.00 | 35.5 | k1.6 | 0.0073 | 0.0079
B 5.75 4,15 | 4,50 | 23.6 | 26.6 | 0.0088 | 0.0059
c 5.50 3.65 | 5.25 | 22.6 | 25.8 | 0.0074 | 0.0053
D 5.25 L.10 | 4,50 | 24.4 | 23.2 | 00,0079 | 0.0067
E 5.00 4,60 | 4.75 | 25.6 | 24.2 | 0.0060 | 0.0069
F 3 00 4,90 | 4,50 | 2k.1 | 23.2 | 0.0076 | 0.007%
G 1.00 L 36 | 4.35 | 25.3 | 21.4 | 0.0069 | 0.0068

Alr Content IFrom Presnlurc Met.hodl 5.6¢
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Figure C-32 Effect of surface revibration on air void charactenistics of concrete. Energy

level: 50 percent.

Figure C-31. Effect of surface revibration on air void characteristics of concrete. Energy
level: 20 percent.

screed from the center increases. However, surface re-
vibration is still noticeable, even if the screed is 3 ft away
from the center.

A comparison of the accelerometer measurements at the
20-percent and 80-percent energy level indicates that the
acceleration of aggregate particles in fresh concrete varies
approximately linearly with the centrifugal force of the
vibrator. The accelerometer measurements were useful in
selecting the revibration parameters for this investigation
and gaining an insight into the distribution of revibration
energy in the concrete. However, the required experi-
mental setup and the precautions necessary to obtain re-
liable data prohibit extensive use of accelerometer tests as
a measure of the required revibration energy for concrete
1n the field.
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TABLE C-13

EFFECT OF EXTERNAL REVIBRATION ON AIR VOID CHARACTERISTICS OF
CONCRETE, SERIES 1A AND 2C—PHASE 3A

Series 1A Berfes ¢
Diot Forsal Air - Retarder Normal Air - No Retarder
Proo AMr Paste 4ing Pector ALr Faste 8 Factor
Section Bottom B0 Rev,| Rew | WO Rew| Rev. | Ho Rew. | Rev, %o Row| Rev, |[No Rev.] Rev, | No Revd Bev,
(1n.)  |[(® ) | (® | () | (1a:) @ [®] ® %) (10.) (1n.)
L 3 - L ] L - o*s +* -~ * - * +b)
A 6.00 3.05 $.00 | 30.7 29.5| 0.0070 | 0.0069 | &.0 .6 { 32.0 31.8 | 0.0066 0.0066
c 5.50 - 515 - 21.9 - 0.0070 - - - -
D 5:25 - 5.05 | - 26.8 - 00073 | - - - -
B 5,00 S.8 5.60 | 21.0 | 22.8 | 0.0077 | 0.0072 | 5.2 5.8 1 20.9 23.1 | 0.0059 0.0056
r 3.00 6.20 5.10 | 25.3 2h,3| 0.00T2 | 0.0075 | S.h 6.0 | 24,4 24,6 | 0.0059 0.006
g 1.00 6.10 5.56 | 26.6 23,0 0.0065 | 0.0070 | 6.1 6.0 | 25.2 21.0 | 0.0060 0.006h
Average Air Content, §
Prom
Pressure Method 5.8 6.3 6.5 6.5
#g5pecimen 1A-4-6
®agpecizmen JA-1-T; T,_ = 2 hours; o= 25 sec.
+8pecimen 2C-1-8
+~8pecimen 2C-2-1, ,l. « 2 hours ey = 25 eec.
TABLE C-14
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EFFECT OF EXTERNAL REVIBRATION ON AIR VOID CHARACTERISTICS
OF CONCRETE, SERIES 2A AND 2B—PHASE 3A

Series 2A Series 2B
Distance Low Air - Retarder Lov Afr - Ho Retarder
From Air Content |[Paste Content | Spacing Factor Air Content |Paste Content Spacing Factor
Section Bottom No Rew Rev. | No Rex Rev. | No Rev.| Rev. No Rev. Rev,|Ro Revy Rev, Mo Rev. Rev,
(iny [ (%) ($)j(e) [(%) | @) (nd ($) ()] (s) ]| (8) (nd (nJd
- - - - - e + - + -+ + -
A 6.00 3.1 2.9 29.1 30.2 | 0.009s | 0.011k | 2.9 2.7 | 31.0 29.9] 0.0089 0.0100
E 5.00 3.7 b 23.1 2k.1 | o012k | O.0112 | 3.9 3.6 | 22.7 23.0| 0.0123 0.010h
F 3.00 4.2 3.8 245 23.9 | 0.0123 | 0.0092 | 3.3 3.4 | 24,6 22.7| 0.00L17| 0.01L17
1] 1.00 b1 k.0 2.9 22.0 | 0.0096 { 0.00122| 3.3 3.9 | 23.0 23.7| 0.00137| 0.009%
Average Air Content, %
From
Pressure Method 4.5 4.9 ' h.5
#5pecimen 2A-3-8
#Specimen 2A-2-6, T, = 4 hours, e, = 25 sec.
+Specimen 2B-1-7
+Specimen 2B-2-2, T, = 4 houre, e, = 25 sec.
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Figure C-34 Distribution of acceleration during revibration.

External revibration of specimen 22 by 22 by 6 in.

Acceleration as Fraction of ¢

Figure C-35. Distribution of acceleration during revibration. Surface
revibration of specimen 3 ft by 8 ft by 6 in. Energy level: 80 percent
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Figure C-36. Acceleration during revibration as function of
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position of vibrator Surface revibration of specimen 3 ft by
8 ft by 6 in. Energy level: 20 percent.



APPENDIX D
DURABILITY STUDIES—PHASE 3

OBJECTIVE AND SCOPE
Phases 3a and 3b

The durability studies were divided into two subphases
The objective of Phase 3a was to conduct a general survey
of the effect of revibration on freeze-thaw durability and
abrasion resistance of concrete For Phase 3b the results
obtained from Phase 2 and Phase 3a were then used to
select the parameters to be studied on large slabs as models
of actual reinforced concrete bridge decks

Phase 3a 1s divided into five subseries. Within each
series the age of concrete at the time of revibration as well
as the revibration energy level were varied However,
different concrete properties were investigated for each
subseries The following subseries were studied.

e Series 1A: Retarded concrete, air content between
5.5 and 7 percent, reinforced specimens.

¢ Series 2A: Retarded concrete, air content between
4 and 5 percent, reinforced specimens,

¢ Series 2B: Nonretarded concrete, air content between
4 and S percent, reinforced specimens.

¢ Senies 2C: Nonretarded concrete, air content between
5.5 and 7 percent, reinforced specimens

* Series 3: Retarded concrete, air content between 5.5
and 7 percent, specimens without reinforcement.

Phase 3b consisted of five subseries.

¢ Series 1D. Revibration energy and extent of mitial
cracking.

¢ Series 2D: Time of imtial set

* Series 3D. Effect of plane-of-weakness cracks.
e Series 4D: Effect of air content

¢ Series 5D: Fimishing procedures.

One hundred specimens were tested in Phase 3a. In
Phase 3b, 22 specimens were investigated

The test data showed a pronounced difference in the
freeze-thaw resistance of retarded and nonretarded con-
crete. To further investigate this observation plain con-
crete prisms 3 by 3 by 15 in. were subjected to freezing and
thawing while exposed to deicing salts. Both retarded as
well as nonretarded and revibrated and nonrevibrated
concretes were studied.

DESCRIPTION OF SPECIMENS

Phase 3a

In Phase 3a plain and reinforced specimens 22 by 22 by
6 in. were used. The layout of the reinforcement is shown
m Figure D-1.

The specimens were designated by a sequence of terms
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describing the test sertes, the age at revibration, T, and the
revibration energy level, e. The following values were
chosen for T and e

T, = revibration 2 hr after mixing,
T, = revibration 4 hr after mixing;
T, = revibration 5 hr after mixing,
e, = duration of revibration 10 sec;
e, = duration of revibration 25 sec, and
e, = duration of revibration 40 sec

Control specimens used to determine air void distribution
and abrasion resistance are designated “C.” The particu-
lar properties of each specimen tested in Phase 3a are
summarnized 1in Table D-1.

Phase 3b

In Phase 3b reinforced concrete slabs 8 ft by 3 ft by 6 in.
were tested. The reinforcement pattern was similar to the
layout for the Phase 2 specimens, as described mn Ap-
pendix C and shown in Figure C-2. All specimens are
described 1in Tables D-2 and D-3

MATERIALS AND MIX PROPORTIONS

The same materials and mix proportions that were used
for the Phase 2 specimens also were used for the speci-
mens in Phase 3. They are described in Appendix C

FABRICATION OF SPECIMENS
Phase 3a

The test slabs 22 by 22 by 6 in. were cast in rigid steel
forms. The layout of the remnforcement is shown in
Figure D-1. A concrete cover of 1%2 1n. was maintained
throughout this phase. The mixing and casting procedures
employed were as follows

An 8-cu-ft batch was mixed in a batch plant with a
horizontal tub mixer. The dry ingredients were mixed for
1 min before some water containing the air-entraining
agent and additional water contaiming the retarder were
added. The wet mixture was then mixed for 3 additional
minutes. The concrete was placed in each form and
imtially vibrated on a vibrating table for approximately
15 sec. Because the volume required for each subseries
was larger than the capacity of the mixer, several batches
had to be cast for each series, as indicated in Table D-1.

Control slabs to determine abrasion resistance and air
content distribution as well as compression test cylinders
to determine the 28-day strength of the concrete were cast
with most batches.

All specimens were struck off and finished with an
aluminum trowel immediately after casting They were
covered with wet burlap approximately 7 hr after mixing.
The specimens were then moist-cured for an additional
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Figure D-1 Layout of reinforcement—Phase 3a

6 days. The moist-curing period was followed by 14 days
of air drying at a relative humidity of 50 percent and a
temperature of 70 F. During this drying period rubber
strips were attached to the surface of the specimens to form
dikes. The specimens were ponded with tap water approxi-
mately 2 days before exposure to freezing and thawing at
an age of 21 days.

Phase 3b

For most of the specimens tested i1n Phase 3b the casting
procedures already described for the Phase 2 specimens in
Appendix C were used. All specimens were moist-cured
up to an age of 7 days. They were then dried for an addi-

TABLE D-1

tional 14 days at a relative humidity of 50 percent and a
temperature of 70 F. Prior to freezing and thawing, rubber
strips were glued on the concrete surface and the speci-
mens were ponded with tap water 2 days before exposure
to freezing and thawing at an age of 21 days.

TEST PROCEDURES
Finishing

All specimens tested in Phase 3a were finished with an
aluminum trowel immediately after casting. No additional
finishing after revibration was employed. The same pro-
cedure was used for the specimens of Phase 3b except for
the slabs of Series 5D, If properly conducted, revibration
with a surface screed resulted in a smooth finish. Because
each additional finishing step tends to reduce the air con-
tent of the surface mortar, the initial hand-finishing was
omitted for some specimens of Series SD and finishing was
obtained only by surface revibration. In the same series
some specimens were tested that were not finished prior to
revibration but were finished with an aluminum trowel
after revibration.

Revibration Methods

The specimens tested in Phase 3a were revibrated exter-
nally on a vibrating table. For this, the same vibrator that
was used for the surface screed was attached to the vi-
brating table. An eccentricity of 80 percent (correspond-
ing to a centrifugal force of 720 1b) and a frequency of
3,200 cpm were kept constant. Revibration energy was
varied by changing the duration of vibration between 10
and 40 sec. During revibration the formwork containing

DURABILITY STUDIES—PHASE 3A DESCRIPTION OF SPECIMENS

Time of Revibration, T and Durstion of Revilration, e
for Specimen No.
Adr ot | o,
Content Set ¢ 28
Series | Batch $ Retarder | Reinforceda| 1 2 3 1Y [ [ T 8 |(8ours) | (pes)
1A 1 6.3 yes yeo [ T, ey T, oy ‘l‘}; o T}, o, 'r,. e T, e, 8:10 | 5650
2 6.5 Tae| © Tos o3| Tyi ) [Ty 0y [Tyi €y [ Ty5 @) 8:20 | W50
3 5.5 Ty ey{Thiey | © Tyi o) Ty 0 [Tys 0y | Ty3 @) 8:10 | 5760
& 5.8 'rl; o ?1; e, Tob Y [ '!'1; LY !2; e !2, e, - 5880
5 6.3 e T, e LieNie | C Tie| C - | 6100 | M0
2A 1 5.7 ye» yoo [ Tl [T3e| ¢ 2 8 | T e |20 0 6:50 | 5700
2 [ %] T, 0y | Tpi 0y Ty e [T o |15 o |Tos & [Ty & - 6180 @55
> 5 C T e Ti e T % Tl % Ty 0 [T Y - 680
i 1 b.h %) yes [ 21; e [} ‘l'l; e, [ !1; DY c 3145 50
2 k.5 Ty & |Tpe o ITyi e T, % c 3:30 | 5210
2c 1 6.5 no yes c Tie (T e T, Ty 0T, CULSEN 3305 A2h0
2 6.4 T [T 0 |0 [Ty e |70 |Tne | © - 3900
3 1 5.8 yes L € [Tyeey [T o | T 0 | Tos 0y 50 [Ty 0 8:00 | 5650
2 5.8 Ty e | Toi % [Ty 0 [T o |70 |Rie, | € 8:20 | 5580

Time of Revitration

rl-zm.mrmsm
Ta-bhl‘l-
1‘,-5!:-.

Duration of Revitration
e = 10 sec.

ey = 25 sec.
Q,- 80 sec.
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DURABILITY STUDIES—PHASE 3B. DESCRIPTION OF SPECIMENS, SERIES 1D,

2D, 3D, AND 4D

Air Content Cracking Revibration
Time After | Max. Defl. Time After| Energy
Specimen 1st 2nd | Initial Set Mixing at Midspan Mixing Level

No. | Designation |Batch | Batch | (hr min) Type {hr min) {1n) Type |[(hr min) (%) |2 28 (pei1)

Series lD-Revibration Energy and Extent of Initial Cracking
41 | sup-sL-0 5.7 5.7 T30 Slight 2 00 11/4 None - - -
42 | suD-SL-0 55 5.5 700 Slight 2 00 11/4 Surface | 4 00 20 -
60 | SUD-SE-O 5.9 6.3 5 95 Severe 200 31/2 None - - 5250
61 | sup-se-& 6.0 | 6.6 5 30 Severe 2 00 31/2 Surface| 4 00 80 5420
64 | SUD-SE-0 5.9 5.8 T 00 Severe 200 31/2 None - - 5700
65 | sup-se-80 6.8 6.4 7120 Severe 2 00 3 1/2 Surface| & 00 80 5780
94 | SUD-SE-OA 6.0 6.3 6 30 Severe 2 00 31/2 None - - 5210
95 | sup-se-8aa 6.0 6.5 6 b5 Severe 200 3 1/2 Surface| b,00 8o 5700

Series 2D-Time of Initial Set
79 | 8U-LD-SE-0 6.0 6.2 315 Severe 2 00 31/2 Rone - - 4750
8 |[su-up-sE-8 (5.9 | 5.5 530 Severe 2 00 31/2 Surface| 3 00 8o 4hgo
90 | SLD-RET 6.6 | 6.6 715 None - - Hone - - 5660
91 | SLD-NON 6.9 6.8 4 10 None - - Rone - - 3070

Series 3D-Effect of Plane of Weakness Cracks
81 |su-m-se-0-2 6.1 | 6.3 6 30 Severe & 2 00 3 1/2 None - - 5560

Horizontal
& | su-7Tp-sE-80-2] 6.5 7.0 6 20 Severe & 2 00 31/2 Surfece | h:00 8 5100
Horizontal

Series 4D-Effect of Air Content
98 | SDH-FIN-0 8.0 | 8.0 - Severe 2 00 3 1/2 Rone - - 4850
99 |spH-$TR-80 |7.8 | 8.4 715 None - - Surface| 4 00 [: ) 5900

TABLE D-3

DURABILITY STUDIES—PHASE 3B. DESCRIPTION OF SPECIMENS, SERIES 5D:
FINISHING PROCEDURES

Atr Content Crecking Revibtraticn
Max, Pime
(%) Initial Time After | Defl, st After | Energy
Specimen 1st | 2mt 8ot Midspan Leval
¥o. | Designation [Batch | Bateh| (brimin)| fype || (bremin) (1n) type | (brimin) | (%) Pintenicg | £2,g(pet)
92 | BU-D-STR-0 | 6.1 | 6.4 6130 | mone - - Bone - - Booe SA10
9| su-D-sm-80 | 6.7 6.3 1105 Hone - - Surface b:00 80 None 5780
97| smM-8m-80 | 6.0 | 6.4 6:55 | mMome - - Burface 8:00 8 [ %) 5320
100 | gu-p-se-0-r| 5.8 | 6.2 8.15 Bone - - None - - | after b 2f2 | s520
Hours
101 | 8U-D-8R-80-LF | 6.8 | 6.5 8:15 | Bavere | 4:00 3 1/2 {8urface hi20 & After 5420
Revitration

the concrete was rigidly attached to the vibrating table. A
steel plate generating a vertical static pressure of 03 psi
was placed on the concrete surface during the revibration
process. This method proved to be necessary in order to
avoid the development of surface cracks during revibration
which may have been caused by the relative movement of
the concrete with respect to the reinforcing bars. In addi-
tion, the steel plate ensured revibration of the surface lay-
ers of the concrete and resulted in a more uniform distri-
bution of revibration energy, as indicated in Appendix C.

For the specimens of Phase 3b a surface screed as de-
scribed in “Revibration Methods” of Appendix C was used
for revibration.

Freeze-Thaw Testing

During freeze-thaw testing of all specimens in Phase 3a
and Phase 3b, the specimens remained ponded with a
4-percent sodium chloride solution that was replaced only

at the time of the rating of scaling. The solution was con-
tained by rubber chamfer stripping cut to size and at-
tached to the specimens by means of plastic rubber cement.
Because the specimens within Phase 3b were deflected
prior to hardening, their surface was curved. Therefore,
the surface was subdivided into three sections, and each
section was ponded separately as shown in Figure D-2. All
specimens were subjected to cycles of freezing and thaw-
ing in an environmental testing unit as described by
Callahan et al. (5). This unit was designed to allow the
removal of two 4- X 12-ft roof sections, by use of an over-
head crane, thereby permitting direct placement by crane
of the slabs into their respective locations. Up to 30 small
slabs from Phase 3a and up to 6 large slabs from Phase 3b
could be tested simultaneously. During freezing and thaw-
ing the small slabs were supported along two lines approxi-
mately 15 in. apart. The large slabs were supported ap-
proximately 5 in. from their ends. The environmental test-
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Figure D-2. Ponded slab for freeze-thaw tests—Phase 3b.

ing unit was programmed in such a way that the speci-
mens were subjected to one freezing and thawing cycle per
day, with internal concrete temperatures ranging from 0 F
to 40 F. The temperature was monitored by thermocouples
embedded in the center of a control specimen.

After every seven cycles each specimen was removed
from the testing unit, hosed off, and then rated according
to the following numerical scale:

0 = no scale;

1 = scattered spots of very light scale;

2 = scattered spots of light scale;

3 = light scale over about half the surface;

4 = light scale over most of the surface;

5 = light scale over most of the surface, a few moder-
ately deep spots;

6 — scattered spots of moderately deep scale;

7 = moderately deep scale over half the surface;

8 = moderately deep scale over the entire surface;

9 — scattered spots of deep scale, remainder moderately
deep scale; and

10 = deep scale over the entire surface.

A similar rating scale has been used in two previous in-
vestigations conducted at the University of Illinois (5, 6).
A scaling was considered to be very light when it consisted
of loss of a paper-thin film of mortar from the finished

surface. Light scaling occurred when particles of mortar
generally 8- to V4-in. in thickness were lost. Scaling was
described as moderate when additional mortar was re-
moved together with smaller aggregate particles. Surface
deterioration resulting from ‘“‘pop-out” was also considered
to be scaling. Deep scaling was said to have occurred when
larger aggregate particles could easily be removed from the
scaled surface at the time of rating.

Photographs of the specimens were taken in addition
to according the rating. For the small slabs of Phase 3a
one photograph was taken per specimen. For the speci-
mens in Phase 3b each specimen was subdivided into eight
subareas, and photographs were taken for each area.

Immediately following the rating, the specimens were
again ponded with a 4-percent sodium chloride solution;
then, freezing and thawing cycles were resumed. In most
cases, the periodic rating of specimens continued until the
ratings became high enough to denote failure of the sur-
face. In a number of instances testing had to be inter-
rupted for comparatively short periods to repair leaking
dikes.

The small prisms 3 by 3 by 15 in. were tested in an
automatic freezing and thawing cabinet. The test procedure
used for these tests was similar to the procedure described
in ASTM C 290, except that all specimens were frozen and
thawed in a 4-percent sodium chloride solution. Earlier
tests had shown that freeze-thaw deterioration was con-
centrated mainly on the surface of the specimen. There-
fore, the specimens showed an appreciable weight loss but
a less pronounced change in the dynamic modulus. There-
fore, weight loss during freezing and thawing was used as
the only measure of concrete deterioration. The concrete
prisms were hosed off, surface-dried, and weighed approxi-
mately every 20 cycles. The tests were discontinued after
140 cycles, at which time the specimens were photographed.

Determination of Air Content

The same procedures for determination of air content
described for the tests in Phase 2 were employed for the
studies in Phases 3a and 3b.

Determination of Abrasion Resistance

The abrasion resistance of revibrated and nonrevibrated
concrete was determined in accordance with the test
method described in ASTM C 418-68. Cores with a
diameter of 4 in. were taken from the large slabs 8 ft by
3 ft by 6 in. The cores were then brought to a saturated-
surface-dry state, and the specimens were tested in a sand-
blast cabinet. After each test the specimens were washed
and weighed to determine the amount of material abraded.
A total of five tests was conducted on each core.

EXPERIMENTAL RESULTS

Influence of Revibration on the Durability Characteristics
of Uncracked Concrete—Phase 3a

The main variables to be studied in Series 1A and 2A were
the age of concrete at the time of external revibration,
T, the duration of revibration, e, and the air content. In
Figure D-3 the surface deterioration ratings of retarded



concrete with an air content varying from 5.5 to 6.5 per-
cent are shown as a function of the number of cycles of
freezing and thawing. Each curve represents the average
of two to four similar specimens. The results of the
individual tests appear in Appendix F. )

Figure D-3 shows that external revibration conducted
2 hr after mixing may slightly improve the frost resistance
of concrete. A similar trend is found 1n Figure D-4, which
shows the surface deterioration ratings of retarded con-
crete with an air content ranging from 4 5 to 4.9 percent
However, owing to the considerable scatter of the indi-
vidual data the difference between revibrated and non-
revibrated concrete is statistically insignificant and 1s over-
shadowed by batch to batch variations in the air content of
the concrete. The same 1s true for the effect of duration
of revibration and age of concrete at the time of revibra-
tion on concrete durability. The influence of the air con-
tent on the surface deterioration of concrete after 21 cycles
1s shown 1n Figures D-5 and D-6. Surface deterioration
decreased as the air content increased; however, no clear
distinction between revibrated and nonrevibrated concrete
can be made

Figure D-7 shows the results of the freezing and thaw-
ing tests on nonretarded concrete (Series 2B and 2C) with
air contents of 4.5 and 6.5 percent, respectively. No sta-
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tistically significant difference between revibrated and non-
revibrated concrete was found. However, the nonretarded
concrete was considerably more durable than retarded con-
crete. The characteristics of the air void systems of re-
tarded and nonretarded as well as revibrated and non-
revibrated concrete are summarized in Tables C-13 and
C-14. External revibration had no marked effect on air
content, spacing factor, and paste content of the surface
layers of the concrete. However, in all observed cases, the
spacing factor of the retarded concrete was shightly larger
than that of the nonretarded concrete, which may at least
in part be responsible for the differences in the surface
durability of the two concretes. Differences in the time of
finishing or revibration relative to the time of mmtial set
between retarded and nonretarded concrete are probably
not responsible for the differences in durability, inasmuch
as variations 1n the time of revibration for a given concrete
had no significant influence on surface deterioration of the
retarded concrete or of the nonretarded concrete It also
should be noted that both the air-entramning agent and the
retarder were considered compatible and were added sepa-
rately to the fresh concrete mix.

In Sertes 3 of Phase 3b, unreinforced retarded concrete
specimens were subjected to freezing and thawing. This
test series was included in the investigation because 1t was
expected that cracks would be less likely to develop due to
early shrinkage in unreinforced specimens than in re-
inforced specimens. Consequently, revibration should have
less influence on the surface deterioration of plain concrete
than 1t might have on reinforced specimens. Figure D-8
shows that the unreinforced specimens were more durable
than the reinforced specimens However, no convincing
explanation for this unexpected difference can be given

Typical examples of the type of surface deterioration
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observed in Phase 3b are shown in Figure D-9. In all cases
the deterioration consisted of spotty scaling and was in-
dependent of the location of the reinforcement.

Influence of Revibration on the Durability of
Cracked Concrete Slabs—Phase 3b

Effect of Extent of Cracking and Revibration Energy
(Series 1D and 3D)

Figure D-10 shows the average surface deterioration ratings
of concrete slabs that were cracked to various degrees 2 hr
after mixing. The individual data obtained in the tests in
Phase 3b appear in Appendix F. There is no clear indica-
tion that surface cracking or horizontal plane-of-weakness
cracking resulted in reduced durability of the concrete
surface when it was exposed to accelerated freezing and
thawing in the laboratory. In uncracked slabs, uniformly
distributed scaling was observed. Scaling of the cracked
slabs was slightly more pronounced in the vicinity of the
cracks for approximately 14 freeze-thaw cycles; then, scal-
ing was essentially uniform. No surface spalling was
observed.

The surface durability of surface-revibrated cracked

Cycles : O
Rating | O

Zh:2=7
Cycles | 28
Rating : 7

Rating | 2
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slabs and cracked slabs without revibration is shown in
Figure D-11. The relationship between deterioration rating
and number of freeze-thaw cycles for concrete without
revibration shown in Figure D-11 corresponds to the aver-
age of all data from Figure D-10. Figure D-10 shows that
revibrated slabs performed better than did unrevibrated
specimens. A statistical evaluation of all data showed,
however, that the difference between the average of all
revibrated and all nonrevibrated slabs is not statistically
significant. It can be stated that revibration does not im-
pair concrete durability, despite the fact that the spacing
factor of the surface layer may be slightly increased by
revibration, as is shown in “Effect of Revibration on Air
Void Characteristics of Concrete (Series 10 and Phase 3b)”
in Appendix C. It is likely that the increase in spacing fac-
tor is offset by the improved compaction and strength of
the concrete surface layers. A similar observation has been
reported by Malisch et al. (6).

The only type of deterioration observed in these tests
was scaling. Typical views of the concrete surface after
various cycles of freezing and thawing are shown in Fig-
ures D-12 and D-13. The cracked slabs showed more
deterioration in the vicinity of the cracks, whereas the
revibrated slabs deteriorated uniformly over the surface.

7N-7-7

7A-7-2
Cycles 1 9 Cycles | 16
Rating | 4

“Cycles | 37
Rating . 9

Figure D-9. Surface deterioration of specimen 2A-2-2. Series 2A—Phase 3a. External revibration; T—=4 hr,

e=25 sec.
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Effect of Retarder (Series 2D)

Figure D-14 shows that the durability of nonretarded con-
crete was considerably better than that of retarded con-
crete. This is in agreement with the test results obtained
in Phase 3a. A comparison of the specimens made with
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Figure D-11. Effect of surface revibration energy on surface
deterioration of retarded concrete. Series 1D and 3D—Phase
3b.

nonretarded concrete shows that severe surface cracking
reduced concrete durability. Subsequent revibration re-
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Rating: 4 :

Figure D-12. Surface deterioration of specimen SUD-SE-OA. Series 1D—Phase 3b. No revibration; severe

cracking.
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Cycles: 21
Rating: 3

Figure D-13. Surface deterioration of specimen SUD-SE-80. Series 1D—Phase 3b. Surface revibration. Energy

level: 80 percent.

sulted in a slight increase of the frost resistance of the
nonretarded concrete.

To further verify the effect of the particular retarder
used in this study on concrete frost resistance, prisms 3 by
3 by 15 in. were exposed to 112 cycles of freezing and
thawing in an automatic freezing and thawing cabinet. The
results of this test series are shown in Figure D-15, where
the average weight loss as determined on six specimens for
each variable is given as a function of the number of cycles
of freezing and thawing. Again, the nonretarded concrete
was significantly more frost-resistant than the retarded
concrete.

Effect of Air Content (Series 4D)

The retarded concrete had a higher compressive strength
than the nonretarded concrete if the volume of entrained
air was approximately equal in both concretes. Therefore,
in tests conducted in Series 4D the air content of the re-
tarded concrete was raised to such a level that the com-
pressive strength of the retarded concrete approached that
of the nonretarded concrete. The increased air content

resulted in a marked increase of the surface durability of
the retarded concrete, as shown in Figure D-16. The fol-
lowing tabulation gives average compressive strength, air
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Figure D-14. Effect of surface revibration energy on surface
deterioration. Nonretarded concrete. Series 2D—Phase 3b.
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TABLE D-4

EFFECT OF SURFACE REVIBRATION ON ABRASION
RESISTANCE OF CONCRETE, SERIES 10—PHASE 2

AIR CONTENT REVIBRATION ABRASION COEFFICIENT *
(%) (%) (cM®/cM?)

6.1 — 198

61 20 195

58 —_ 1.54

58 50 1.52

6.7 — 202

6.7 80 2.09

o Defined as the ratio of the volume of abraded material to the area of
the abraded surface

Apparently 1t is possible with the particular retarder used
in this investigation to produce retarded concrete with a
strength and surface durability that at least equals that of
nonretarded concrete.

Effect of Finishing Procedures (Series 5D)

Surface revibration resulted in an acceptable finish of the
concrete surface. Ihasmuch as every manipulation of the
fresh concrete surface tends to alter the air content of the
surface layer 1t was hoped that elimination of hand-
fimshing prior to revibration may offset the possible loss
of arr due to surface revibration and may result in an
improved surface durabiity. However, the data in Figure
D-17 indicate that elimination of hand-finishing immedi-
ately after casting had little influence on the durability of
revibrated or nonrevibrated specimens.

Figure D-17 also shows the influence of hand-finishing
414 hr after mixing. The durability of a specimen that was
revibrated immediately before hand-finishing was com-




parable to the durability of specimens that were finished
immediately after casting. Late fimishing without revibra-
tion, however, increased the surface deterioration of the
concrete. Because the concrete of this particular specimen
was still 2 hr away from its initial set, the late finishing may
have interrupted the bleeding process and thus reduced
surface durability. Improved compaction due to revibra-
tion may offset this effect.

Effect of Surface Revibration on Abrasion Resistance of
Concrete (Phase 2, Series 10)

Cores were taken from specimens of Series 10, Phase 2, to
compare the abrasion resistance of concrete with and with-
out surface revibration. The data obtained appear in Table
D-4 and show that surface revibration had no pronounced
effect on abrasion resistance. Batch to batch variations in
the air content were considerably more significant.
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oration of retarded concrete. Sertes 5D—Phase 3b.

APPENDIX E
FIELD APPLICATIONS—PHASE 4

To investigate the feasibility of revibration of bridge deck
concrete 1n the field, and to observe their long-time per-
formance, portions of three bridge decks under construc-
tion in Illinois and Kansas were revibrated.

On the basis of the laboratory experiments the following
guidelines for the field experiments were selected:

1. The bridge deck concrete shall be revibrated with a
vibrating screed.

2. Revibration shall be conducted after the penetration
resistance of the concrete reaches a value of approximately
25 pst.

3. The bridge deck concrete shall be finished prior to
revibration, and additional finishing after revibration shall
be kept to a minimum.

4 No particular requirements regarding concrete mix
proportions in addition to those developed by the respective
highway departments will be made. The use of set-retarding
admixtures is desirable but not mandatory.

BRIDGE DECK IN ILLINOIS

Field work was conducted on the reinforced concrete deck
of a skewed, continuous-span, noncomposite bridge with
structural steel I beams. The bridge is located on Illinois
route 110, approximately 12 mi west of Champaign, Ill.,
and crosses Interstate 172. The spans of the bridge are
51 ft 1% ., 81 ft 1% 1n., 81 ft 1% in., and 51 ft 1% in.,
respectively. A schematic view and a cross section of the
bridge are shown in Figure E-1.

On luly 10, 1969, a section of the bridge deck 3 ft 3 in.
wide and extending 15 ft in each direction from the center
support of the bridge was cast and revibrated. This sec-
tion is adjacent to the safety curbs along the south edge of
the bridge (Fig. E-1) and 1s separated from the main lanes
of the deck by a longitudinal construction joint. The main
deck had been cast a week prior to the experiment, and the
safety curbs were cast a few days after casting of the re-
vibrated segment. The mix proportions of the concrete are
given in Table E-1. The results of a standard penetration
resistance test of the bridge deck concrete according to
ASTM C 403-68 are shown in Figure E-2. The air tem-
perature during the casting period ranged from 84 to 89 F,
the relative humidity was approximately 65 percent, and
the day was sunny with only slight westerly winds.

The same vibrating screed that was used in the labora-
tory expeniments (Fig. C-7) was used to revibrate the
bridge deck concrete. A revibration energy level of 20 per-
cent (as defined in “Revibration Methods” of Appendix C)
and a direction of revibration perpendicular to the forward
movement of the screed were selected. During revibration
one edge of the vibrating screed rested on the hardened
concrete of the main deck. The other edge of the screed
was supported by a 2- by 4-in. wooden beam. The con-
crete was struck off and hand-finished with aluminum floats
immediately after it had been placed and compacted by
internal vibration. The concrete surface was revibrated ap-
proximately 2 hr after placing. At that time the penetration
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TABLE E-1
PROPERTIES OF FIELD CONCRETE—PHASE 4

BRIDGE SITE
ITEM ILLINOIS KANSAS 1 KANSAS II
Mix proportions (Ib/cu yd)
Water 216 283 287
Cement 602 639 647
Sand 1,148 1,884 1,952
Gravel 899 928 834
Retarder Yes No Yes
Type of cement I II 11
Max aggregate size (n.) 1% Y4 Y
Slump (in.) 2-2% 1V4-3Va 24
Initial set (hr) 2:40 2:50 5:00
Air content (%) 4045 49-6.7 42-54
— 5,130 6,520

fe' 28 (psi)

resistance of a concrete sample taken from the same batch
as the bridge deck concrete was approximately 25 psi. This
sample was treated in accordance with ASTM C 403-68,
which requires the sample to be covered with moist burlap
following casting. The bridge deck concrete was partially
exposed to sunshine and wind so that the concrete in the
bridge deck set faster than the control specimen. There-
fore, at the low revibration energy level used for this ex-
periment only about 80 percent of the revibrated concrete
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Figure E-2 Penetration resistance of bridge deck concrete




surface showed a thin moisture film after revibration. In
addition, revibration caused the concrete to settle slightly
below the level of the hardened concrete of the adjacent
main lanes of the bridge deck. To achieve a smooth and
continuous transition across the longitudinal construction,
joint hand-finishing after revibration was required. At that
time the concrete approached its initial set and was very
difficult to finish. No cracks were observed before or after
revibration in either the nonrevibrated or the revibrated
sections of the deck.

The experiment was a partial success because it showed
that bridge deck concrete indeed can be revibrated if suit-
able equipment is available and if the time of revibration is
properly selected. The study was helpful in planning the
subsequent tests to be conducted in Kansas, and demon-
strated clearly that finishing after revibration should be
eliminated as far as possible.

The bridge deck was moist-cured for 7 days after cast-
ing, and was inspected several times subsequently. No ap-
parent differences between the revibrated and the non-
revibrated sections of the deck could be found. There was
no indication of cracking except a fine transverse hairline
crack through the revibrated section directly above the
center support of the bridge (Fig. E-3). This crack started
at an expansion joint in the safety curb and continued
across the revibrated section and the longitudinal construc-
tion joint a few inches into the main deck. It is very un-
likely that this crack can be attributed to revibration of the
bridge deck concrete. It may be due rather to the dead
weight of the superstructure and may have formed after
stripping the form work.

Observations of the bridge deck will be continued.

BRIDGE DECKS IN KANSAS

The studies were conducted on two identical bridges, Br.
No. 35W-40-2.00 and Br. No. 35W-40-5.00, which cross
Interstate 135W near Newton, Kan. The noncomposite
bridges were continuous, with spans of 43 ft, 92 ft, 92 ft,
and 43 ft, and consisted of welded steel plate girders with
a reinforced concrete deck. Elevation and cross section of
the bridges are shown in Figure E-4. Placement of the deck
concrete was started at the west end and was discontinued
just short of the second pier for each bridge; then, casting
was continued starting from the east end of the bridges up
to a header. This casting sequence was used to prevent
uplift of the short spans of the bridges at the abutments.

The mix proportions and properties of the bridge deck
concrete appear in Table E-1. Figure E-2 shows the pene-
tration resistance of the concrete. One test specimen used
to determine initial set was covered with wet burlap during
setting in accordance with ASTM C 403-68. A second sam-
ple was left uncovered and placed next to the bridge deck
to expose it to the same environment as the bridge deck
surface. The concrete for the deck of Br. No. 35W-40-2.00
contained no retarder; for Br. No. 35W-40-5.00, retarded
concrete was used.

On August 27, 1969, the deck of Br. No. 35W-40-2.00
was cast. During the earlier part of the day the sky was
overcast, with temperatures ranging from 72 to 78 F.
There were only light winds; relative humidity was around
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Figure E-3. Hairline crack in revibrated bridge deck near
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Figure E-4. Cross section of bridges for the field experiments
near Newton, Kan.
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60 percent. The entire width of the deck, extending from
the east abutment over a length of 82 ft, was revibrated.
The vibrating screed used for this experiment is shown in
Figure E-5. The screed was designed and constructed by
the local contractor. It consisted of a steel pan, 12 in. wide
and % in thick, stiffened by a steel T-beam of variable
depth. A vibrator with variable eccentricity and frequency
was driven by a 3-hp gasoline motor and was mounted at
the center of the screed in such a way that the direction of
revibration was parallel to the forward movement of the
screed. During the experiment the frequency of the vibra-
tor was approximately 3,200 cpm. An intermediate set-
ting of the eccentricity of the vibrator was chosen but no
data on the magnitude of the centrifugal force of the
vibrator were available. To move the screed, steel cables
were firmly attached to the formwork approximately 30 ft
mn front of the screed. These cables ran through hooks
welded to the screed stiffners to rotating drums in the
center of the screed. The drums were driven by the same
motor used to operate the vibrator (Fig. E-5). Rotation
of these motor-driven drums resulted in a forward move-
ment of the screed.

After placing and internal vibration the concrete was
struck off with a fimshing machine. Then, a thin spray of
a water emulsion of aliphatic alcohol was applied to the
concrete surface. (Use of the spray was suggested by

W. M. Stingley, State Highway Commission of Kansas.)
It was hoped that this spray would result in the formation

Cables, Atteched To Formwark

Dirsction Of
Forword Movement

Stiffener

r-0”
T " Etevation
. <
r :':Ns'-vz']: _E_]Is'

Section

Figure E-5. Vibrating screed used to revibrate the deck of
Br No 35W-40-2.00 near Newton, Kan.

of a monomolecular layer on the concrete surface that
retards the evaporation of bleeding water and prevents
crusting (24). Revibration of the bndge deck was started
approximately 1% hr after casting. At that time the entire
concrete of the deck within the 43-ft span of the bridge had
been placed. At the beginning of revibration a covered
control specimen showed a penetration resistance of ap-
proximately 25 psi. During revibration the screed was
free-floating on the concrete surface and traveled at a
speed of about 1 ft/min.

The revibration energy was sufficient to drive additional
moisture to the concrete surface, However, the screed did
not precisely match the profile of the bridge deck surface,
and areas near the longitudinal axis of the bridge deck
remained unrevibrated (Fig. E-6). In addition, the free-
floating screed tended to sink into the concrete. By slightly
adjusting the location of the pulling cables and by lifting
the screed on the handles attached to both ends, sinking of
the screed could be reduced but not avoided. Finally, each
time the vibrator was stopped a noticeable mark was left on
the concrete surface. Extensive and cumbersome hand-
finishing after revibration was required because of these
shortcomings. The experiment showed, however, that con-
tinuous revibration of the entire width of the bridge deck
is possible 1f the screed 1s supported during revibration and
if 1ts shape can be adjusted to match closely the profile of
the bridge.

A new vibrating screed was designed and constructed by
the contractor on the basis of the experience ganed during
revibration of the deck of Br. No. 35A-40-2.00. A pan
15% in. wide was attached to the strike-off screeds of a
fimshing machine (Figs. E-7 and E-8). The distance of the
strike-off screeds to the supporting structure of the fimishing
machmne could be adjusted at five points spaced approxi-
mately 60 mn. apart. By adjusting the strike-off screeds it
was possible to adapt the vibrating pan to the desired pro-
file of the bridge deck. Two surface vibrators driven by
1-hp electric motors and rotating in a plane perpendicular
to the forward movement of the screed were fixed to the
pan approximately at its third points (Figs. E-7 and E-8).
No information about the centrifugal force of the vibrators
was available. The vibration frequency was uniform over
the length of the pan and was approximately 3,500 cpm.
However, on the basis of visual observation it is hikely that
the vibration amplitude was not uniform and probably was
lower at the extreme ends of the pan. The finishing ma-
chine to which the vibrating pan had been attached had
four wheels on each side and was running on water pipes
that were firmly fixed to the formwork of the bridge deck.

On September 23, 1969, the vibrating equipment de-
scribed previously was used to revibrate the deck of Br.
No. 35W-40-5.00. The entire width of the deck, starting
from the east end and extending over a length of 133 ft,
was revibrated. Sunny skies with temperatures ranging
from 70 to 85 F, a relative humidity around 60 percent,
and moderate winds prevailed during most of the day. The
concrete was internally vibrated after placing and struck
off with a fimshing machine. Following these procedures,
parts of the concrete surface were sprayed with the water
emulsion of aliphatic alcohols described previously.
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Figure E-6. Vibrating screed and deck after revibration.

Prior to revibration the second finishing machine with
the attached vibrating pan was placed into position and
adjusted to the profile of the bridge deck. Approximately
2% hr after casting started, revibration of the bridge deck
was commenced. At that time placement of the concrete
had progressed up to the center of the second span. At the
beginning of revibration the uncovered control sample had
a penetration resistance of 28 psi, whereas the covered
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/vummnq Pon
zoArL 62 - 74 _]'_24 ! 52 ..I
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28'-0" Elevation
T
Screed Adjustments
Strike Off Screed Section
Vibrating Pon
174" 6"
312"

Figure E-7. Vibrating screed used to revibrate deck of Br. No. 35W-40-
5.00 near Newton, Kan.
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Figure E-8. Vibrating screed used to revibrate deck of Br. No. 35W-40-5.00.

sample showed a value of 18 psi. The speed of forward
movement of the vibrator was varied between 4 and 8 in./
min. After minor readjustments the vibrating pan followed
the profile of the bridge deck very closely, and the entire
width of the deck appeared to be sufficiently revibrated.
Very little additional finishing, except belting and broom-
ing, was required after surface revibration in those areas
that were sprayed with the water-alcohol emulsion im-
mediately after the initial finishing procedures. The con-
crete surface after revibration is shown in Figure E-9. A
narrow segment of the bridge deck next to the east abut-
ment and approximately 20 ft long was not sprayed after
placing, and light crusting of the concrete surface may have
occurred. In this case the revibration energy near the ends
of the screed was insufficient to break the crust, and cracks
in the concrete surface were formed (Fig. E-10). Similar
cracks were found in the laboratory studies, Series 5,

Phase 2, where the effectiveness of revibration following
extreme curing conditions was studied. In those cases ad-
ditional hand-finishing was required. However, the labora-
tory experiments showed that increased revibration energy
may break up the crust and may result in a satisfactory
concrete surface.

After revibration was completed it became apparent that
the surface of the bridge deck was not true but had a
slightly wavy appearance. This was probably because the
water pipes supporting the finishing machine with the
attached vibrating pan were coupled by sleeves at close
intervals. Each time a wheel of the finishing machine had
to pass over such a sleeve the entire machine was slightly
lifted, resulting in the uneven surface of the concrete. In
addition, it is possible that interference between the two
independent vibrators mounted on the vibrating pan may
have caused variations in the vibration amplitude.
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Figure E-9. Deck of Br. No. 35W-40-5.00 after revibration.

The second experiment in Kansas clearly showed that
revibration of bridge deck concrete is feasible and, if prop-
erly timed, can be conducted without additional finishing.
The equipment used in the second experiment was efficient,
although it has some obvious disadvantages that may be
corrected in the future. Stiff springs placed between the
finishing machine and the supporting wheels would elimi-
nate the effect of a local unevenness of the supporting pipes
or rails. Vibrators with a larger and adjustable centrifugal
force are required. One vibrator placed at the center of
the vibrating pan may eliminate possible interference be-
tween several individual vibrators. The use of a spray to
slow down surface moisture evaporation and to prevent
surface crusting (particularly when retarded concrete is
used) appears to be very promising. Further studies and
development of equipment may show that the use of sev-
eral smaller vibrating screeds, or one small screed that can
travel laterally along a supporting structure, may have
definite advantages in comparison to the continuous, large
screed used in these experiments because it would be easier

Figure E-10. Cracks after revibration of surface-crusted con-
crete, deck of Br. No. 35W-40-5.00.

to adjust locally the revibration energy or duration of re-
vibration. Such adjustments may be necessary because of
batch to batch variations or because of localized variations
of the exposure conditions of the concrete within a bridge
deck. No surface cracking was observed in the revibrated
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portions of the Kansas bridge decks either before or after
revibration, except those cracks that appeared after re-
vibration of surface-crusted concrete, as described earlier.
Several hours after completion of casting a few surface
cracks 3 to 4 in. long were found in the unrevibrated sec-
tion of the first revibrated bridge deck. The cracks were
located about 2 ft from the revibrated section, near the
edge of the bridge. Because the cracked concrete was
placed after revibration of the adjacent section of the deck

the cracks were not caused by revibration of the bridge
deck concrete.

Inspection of the bridge decks by the staff of the High-
way Commission of Kansas soon after construction showed
no apparent differences between revibrated and non-
revibrated concrete. Cores have been taken from the
decks. Microscopic studies of these cores by the Highway
Commission of Kansas and by the University of Illinois are
reported 1n Appendix G.
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In the previous sections only the average values of the
results of the freezing and thawing tests are discussed.
Individual values obtained for each specimen are shown n
Figures F-1 through F-10.

Additional experimental data from Phase 2, Effective-
ness Study, are shown 1n Figures F-11 through F-18. These
data were of minor significance and, therefore, are not dis-
cussed in detail in Part I of this report
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Figure F-7 Indiwvidual test results, Series 1D—Phase 3b.
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Figure F-13. Crack pattern in specimens, Series 2—Phase 2.



Figure F-15. Crack pattern in specimens with anchored reinforcement, Series 5—Phase 2.
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Figure F-16. Crack pattern in specimens, Series 7—Phase 2.
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Figure F-17 Crack pattern in specimens, Series 9—Phase 2
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APPENDIX G

OBSERVATIONS ON CORES TAKEN FROM EXPERIMENTAL BRIDGE DECKS IN KANSAS

The work reported in the following was conducted after the
main body of this report was completed. It therefore 1s
not included in the summary and conclusions in Part 1 of

this report

Cores were taken from the revibrated and nonrevibrated
sections of the experimental bridge decks in Kansas (de-

scribed earlier 1n this report). At the time, the concrete
was 22 and 28 days old. The locations 1n the bridge decks
from which cores were taken are shown 1n Figures G-1 and
G-2. The cores had a diameter of 3 in. and a height rang-
ing from 4 . to 7 m Their dimensions, as well as the
location of the top and bottom steel intersecting the cores,

Const
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| T T
| 1
! I Core l Core |
| ! No sl. ®No2 |
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Figure G-1 Location of cores from deck of Br No 35W-40-2 00 near

Newton, Kan
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Figure G-2 Location of cores from deck of Br No. 35W-40-5 00 near Newton, Kan

are given mn Table G-1. According to this table the con-
crete cover was 1n all cases larger than 2 in  All cores were
sliced longitudinally in halves. One-half of each core was
examined 1 the laboratories of the Highway Commission
of Kansas The other halves of the cores were studied at
the University of Illmois

Inspection of the cores from both the revibrated and the
nonrevibrated bridge decks revealed several voids and
microcracks. No voids were found in the revibrated cores
from Br. No 35W-40-2.00. However, one nonrevibrated
core showed a large air void above the top reinforcing bar
In one revibrated core from Br. No 35W-40-5 00 an air
void approximately %2 1n. long was located 4 . from the
surface of the deck. All nonrevibrated cores showed air
voids Y2 to % 1n. long above the top reinforcing bars. All
revibrated and nonrevibrated cores exhibited microcracks
around remnforcing bars which were detected during ob-
servation of the cores under a microscope with a magnifica-
tion of 50 times. The cracks also were made visible by
means of a penetrant procedure. A flud containing fluo-
rescent particles was applied to the concrete surface The
fluid penetrated the concrete through voids and cracks
When illuminated with a fluorescent light the cracks be-
came visible due to the fluorescent particles that were re-
tained in the cracks. Photographs were taken, and the
cracks detected in this way were marked on the negatives
to increase their visibility. Typical examples of such photo-
graphs are shown in Figures G-3 and G-4. The left side of
Figure G-3 shows the rounded surface of a revibrated half
core with a section through a reinforcing bar. The plane
surface parallel to the reinforcing bar which was generated
by shcing the core 1n half is shown on the right side of
Figure G-3. Figure G-4 shows a similar, nonrevibrated
core. Radial cracks starting from the surface of the re-
inforcing bar and several cracks on the plane concrete sur-
face parallel to the reinforcing bar can be seen in Figure
G-3. In Figure G-4 an air void above the reinforcing bar
as well as cracks along the steel-concrete interface are
visible. The core broke 1n halves along the reinforcing bar
either durning coring, or during shipping of the core from
Kansas to Illinois.

Microcracks around reinforcing bars mught have been

caused by revibration of the section from which the core
was taken, or might have resulted from transmission of
vibration energy through reinforcing bars into otherwise
nonrevibrated sections. To further investigate this hy-
pothesis, cores were taken from remaining test specimens
in the laboratory which were not exposed to any significant
vibration energy, direct or transmitted, other than initial
compaction. The cores showed similar crack patterns.
Thus, it 1s likely that the microcracks observed in the cores
are due to shrinkage of the concrete which is restrained
by the reinforcing bars. However, it cannot be determined
whether the cracks developed already 1n the bridge deck or
whether they were caused by drying and subsequent shrink-
age of the cores after they were taken from the bridge deck
and shced 1n halves.

TABLE G-1

DIMENSIONS OF TEST CORES FROM BRIDGE
DECKS NEAR NEWTON, KANSAS

DISTANCE FROM TOP

LOWER

CORE LENGTH UPPER STEEL STEEL
NO (IN) (IN) (IN)
Br No 35W-40-2 00

1 5% 36 5%

2 6% 2% 6%6

3 5% 3% —

4 5%s — 5%

5 51% 25 —

6 5% — 5134
Br No 35W 40-5 00

1 7% — —_

2 4 %44 —_

3 6 2% 6

4 6% 2% 6%¢

5 6% — —

6 5% — —

7 5% — —

8 5% 3% —_

9 5% 2% 5%
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Figure G-3. Microcracks in revibrated core from Br. No. 35W-40-2.00 near Newton, Kan.

The results from studies of the air void characteristics
of the cores are given in Tables G-2 and G-3 (State High-
way Commission of Kansas) as well as Tables G-4 and
G-5 (University of Illinois). The data determined by the

State Highway Commission of Kansas are average values
for the plane surfaces which were generated by longi-
tudinally slicing the cores in halves. Therefore, they do not
take into account variations of air void and cement paste

' A

i | "\_ /
P il
b \.’v}w—""

Figure G-4. Microcracks in nonrevibrated core from Br. No. 35W-40-2.00 near Newton, Kan.



TABLE G-2

DETERMINATION OF AIR VOID CHARACTERISTICS, BR.
COMM’'N OF KANSAS)

NO. 35W-40-2.00 (STATE HIGHWAY

ITEM ~ CORENO.1 CORENO.2 CORENO.3 CORENO.4 CORENO.5 CORE NO.6

T =total traverse, in inches 95 90 90 95 95 95

N=total number of air voids intersected in the entire 505 455 401 468 425 512
traverse

M =average chord intercept of the ten largest measured 0.07110 0.10687 0.10955 0.09190 0.12797 0.07272
air voids

m=average chord intercept of the ten smallest mea- 0.00072 0.00064 0.00054 0.00054 0.00053 0.00057
sured air voids

t=total cumulative inches of voids measured in the 4.56604 5.89821 4.11301 5.24166 5.97417 4.70746
traverse '

I=average chord intercept of air voids in inches 0.00908 0.01296 0.01026 0.01120 0.01410 0.00921

(t/N)

n=average number of air void sections intersected 5.32 5.06 4.46 493 447 539
per inch (N/T)

p=the proportional volume of cement paste in con- 28.8 28.8 288 28.8 28.8 28.8
crete, expressed as a percentage of the volume of
the hardened concrete; calculated as the simple
summation of the proportional volumes of the
cement and water included in the concrete mix-
ture (paste content)

A=the proportional volume of air voids in concrete 4.9 6.6 4.6 5.5 6.3 495
expressed as a percentage of the volume of the
hardened concrete (air void content) (100 n [)

a=the surface area of the air voids in hardened con- 443.9 308.6 389.9 3571 283.7 434.7
crete, expressed as square inches per cubic inch of
air void volume (specific surface) (4/)

‘L=use index related to the maximum distance of any 0.0114 00141 0.0132 0.0133 0.0157 0.0114

point in the cement paste from the periphery of
an air void, in inches (spacing factor)

characteristics over the depth of the bridge deck. The data
reported by the University of Illinois were obtained after
slicing the half cores horizontally as described for the
laboratory specimens (“Determination of Air Content,” 1n
Appendix C). The air void characteristics were determined
for the finished surface and at distances of 0.5 in. and 3 in.
from the top at the cores. Because of these differences in
procedures, the data obtained in both laboratories are not
directly comparable. According to the results from the
Kansas laboratories, possible differences between the air
void characteristics of the revibrated and the nonrevibrated
concrete are overshadowed by batch to batch variations of
the concrete, as exemplified by the differences between
cores of each bridge that underwent similar treatment.
The same conclusion has to be drawn from the Illinois data
given m Tables G-4 and G-5. In addition, these results
consistently show a decreased air content and an increased
paste content of the surface layer of both revibrated and
nonrevibrated concrete; however, there was little variation
of the spacing factor over the depth of the cores. Similar
results have been found in the laboratory experiments
reported previously.

The following conclusions may be drawn from studies of
the bridge deck cores:

1. More voids, particularly above reinforcing bars, were
found in cores from nonrevibrated bridge decks than in
cores from revibrated bridge decks. However, revibration
did not completely eliminate large air inclusions. The num-
ber of cores taken was not sufficient to yield statistically
significant results.

2. Both revibrated and nonrevibrated cores had micro-
cracks, particularly around the reinforcing bars. These
microcracks cannot be attributed to revibration; they may
be caused by shrinkage after revibration either in the
bridge deck from which the cores were taken or by shrink-
age of the concrete after coring.

3. No significant differences between the air void charac-
teristics of revibrated and nonrevibrated bridge deck con-
crete were found.

Observation of the long-time performance of all three
experimental bridge decks will be continued throughout the
following years. No damage of either the revibrated or the
nonrevibrated decks was reported or found after the first
winter.



TABLE G-3
DETERMINATION OF AIR VOID CHARACTERISTICS, BR. NO. 35W-40-5 00 (STATE HIGHWAY COMM'N OF KANSAS)

ITEM CORENO 1 CORENO 2 CORENO.3 CORENO.4 CORENO.5 CORENO 6 CORENO.7 CORENO 8 CORENO.9
T —total traverse in inches 100 90 90 90 90 90 95 95 95
N=total number of air voids intersected in the entire 467 416 402 —_ —_ — 393 451 394

traverse

M =average chord intercept of the ten largest measured air 0 08895 0.08917 0.22046 0.10250 012792 0.08899 010041 024403 0.08981

voids

m=average chord ntercept of the ten smallest measured 0 00065 0 00060 000056 0 00054 0 00049 0 00046 0 00049 0 00046 0 00056

air voids

t—total cumulative inches of voids measured in the 541146 4.66455 7 65115 5.21694 6 91349 415804 570117 790561 471475
traverse

{=average chord ntercept of air voids in inches (¢/N) 001159 001121 0.01903 001194 0.01462 0.01063 001451 001753 001197

n—average number of air void sections intersected per 467 462 447 4 86 5.26 434 4.13684 4.74737 4.14737
mch (N/T)

p=the proportional volume of cement paste in concrete, 295 295 29.5 29.5 295 29.5 29.5 29.5 295

expressed as a percentage of the volume of the
hardened concrete; calculated as the simple summation
of the proportional volumes of the cement and water
included in the concrete mixture (paste content)

A=the proportional volume of air voids in concrete ex- 5.40 5.18 8.50 58 7.68 462 6.00 832 496
pressed as a percentage of the volume of the hardened
concrete (air void content) (100 n )

a—the surface area of the air voids in hardened concrete, 345.0 356.8 2102 3350 273.6 376.3 275.7 228.2 334.2
expressed as square inches per cubic inch of air void
volume (specific surface) (4/1)

L=use ndex related to the maximum distance of any point 0.014 0.0137 0.0165 0.0139 0014 0.0138 0.017 0.016 0.015

in the cement paste from the periphery of an air void,
n inches (spacing factor) .
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TABLE G-4

AIR VOID CHARACTERISTICS OF CORES FROM BRIDGE DECK,
BR. NO. 35W-40-2.00 (UNIV. OF ILLINOIS)

DISTANCE OF SPACING
CORE SECTION FROM  AIR CONTENT PASTE CONTENT FACTOR
NO. REVIBRATION ToP (IN.) (%) (%) (IN.)
1 Yes 0 39 442 0.0092
0.5 4.6 218 0.0103
3 54 247 0.0111
3 Yes 0 3.2 41.7 0.0098
0.5 49 234 0.0124
3 51 226 00117
4 No 0 42 38.2 0.0107
05 5.1 23.7 0.0132
3 56 26.1 00118
6 No 0 45 39.7 00110
0.5 51 27.2 0.0105
3 4.8 25.7 00128

TABLE G-5

AIR VOID CHARACTERISTICS OF CORES FROM BRIDGE DECK,
BR. NO. 35W-40-5.00 (UNIV. OF ILLINOIS)

DISTANCE OF SPACING
CORE SECTION FROM  AIR CONTENT PASTE CONTENT  FACTOR
NO. REVIBRATION TOP (IN.) (%) (%) (IN.)
1 Yes 0 39 38.7 00121
0.5 4.8 23.6 00112
3 53 26.7 0.0121
3 Yes 0 4.4 419 0.0128
0.5 61 19.9 0.0138
3 6.4 239 0.0137
5 Yes 0 4.7 37.4 0.0137
0.5 54 279 0.0129
3 6.1 22.6 0.0141
7 No 0 4.8 38.9 0.0148
0.5 54 279 0.0152
3 6.3 249 00129
9 No 0 4.2 367 0.0120
0.5 59 25.2 0.0139
3 4.8 25.7 0.0124
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ways (Proj. 2-10), 120 p., $5.20

Moving Behavior and Residential Choice—A Na-
tional Survey (Pro). 8-6), 129 p,, $5.60
National Survey of Transportation Attitudes and
Behavior—Phase II Analysis Report (Proj. 20-4),
89 p, $4.00

Distribution of Wheel Loads on Highway Bridges
(Proj 12-2), 56 p., $2.80

Analysis and Projection of Research on Traffic
Surveillance, Communication, and Control (Proj.
3-9), 48 p., $2.40

Development of Formed-in-Place Wet Refiective
Markers (Proj 5-5), 28 p., $1.80

Tentative Service Requirements for Bridge Rail Sys-
tems (Proj 12-8), 62p, $3.20

Rules of Discovery and Disclosure in Highway Con-
demnation Proceedings (Proj. 11-1(5)), 28 p,
$2 00

Recogmition of Benefits to Remainder Property in
Highway Valuation Cases (Proj. 11-1(2)), 24 p.,
$2.00

Factors, Trends, and Guidelines Related to Trip
Length (Proy 7-4), 59 p., $3.20

Protection of Steel in Prestressed Concrete Bridges
(Proj. 12-5), 86 p., $4.00

Effects of Deicing Salts on Water Quality and Biota
—Literature Review and Recommended Research
(Proj. 16-1), 70 p., $320

Valuation and Condemnation of Special Purpose
Properties (Proj. 11-1(6)), 47 p., $2.60
Guidelines for Medial and Marginal Access Control
on Major Roadways (Proj. 3-13), 147 p,
$6 20

Valuation and Condemnation Problems Involving
Trade Fixtures (Proj 11-1(9)), 22 p, $1.80
Highway Fog (Proj. 5-6), 48 p, $2.40
Strategies for the Evaluation of Alternative Trans-
portation Plans (Pro). 8-4), 111 p, $5 40
Analysis of Structural Behavior of AASHO Road
Test Rigid Pavements (Proj 1-4(1)A), 35 p.,
$2 60

Tests for Evaluating Degradation of Base Course
Aggregates (Proj 4-2), 98 p $5.00

Visual Requirements 1n Night Driving (Proj. 5-3),
38p., $2.60

Research Needs Relating to Performance of Aggre-
gates in Highway Construction (Proy. 4-8), 68 p.,
$340

Effect of Stress on Freeze-Thaw Durability of Con-
crete Bridge Decks (Proj. 6-9), 70 p., $3.60
Effect of Weldments on the Fatigue Strength of Steel
Beams (Proj 12-7), 114 p., $5 40

Rapid Test Methods for Field Control of Highway
Construction (Proj 10-4), 89 p., $5.00
Rules of Compensability and Valuation Evidence
for Highway Land Acquisition (Proj. 11-1),
77 p., $4 40



Rep.

No. Title

105 Dynamic Pavement Loads of Heavy Highway Vehi-
cles (Proj. 15-5), 94 p., $5.00

106 Revibration of Retarded Concrete for Continuous
Bridge Decks (Proj. 18-1), 67 p., $3.40

Synthesis of Highway Practice

1 Traffic Control for Freeway Maintenance (Proj. 20-5,
Topic 1), 47 p., $2.20

2 Bridge Approach Design and Construction Practices
(Proj. 20-5, Topic 2), 30p., $2.00

3 Traffic-Safe and Hydraulically Efficient Drainage
Practice (Proj. 20-5, Topic 4), 38 p., $2.20

4 Concrete Bridge Deck Durability (Proj. 20-5, Topic
3), 28 p., $2.20




THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding
contributions to knowledge. Established by a Congressional Act of Incorporation
signed by President Abraham Lincoln on March 3, 1863, and supported by private
and public funds, the Academy works to further science and its use for the general
welfare by bringing together the most qualified individuals to deal with scientific and
technological problems of broad significance.

Under the terms of its Congressional charter, the Academy is also called upon
to act as an official—yet independent—adviser to the Federal Government in any
matter of science and technology. This provision accounts for the close ties that
have always existed between the Academy and the Government, although the Academy
is not a governmental agency and its activities are not limited to those on behalf of
the Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December
5, 1964. On that date the Council of the National Academy of Sciences, under the
authority of its Act of Incorporation, adopted Articles of Organization bringing
the National Academy of Engineering into being, independent and autonomous
in its organization and the election of its members, and closely coordinated with
the National Academy of Sciences in its advisory activities. The two Academies
join in the furtherance of science and engineering and share the responsibility of
advising the Federal Government, upon request, on any subject of science or
technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the
National Academy of Sciences in 1916, at the request of President Wilson, to
enable the broad community of U. S. scientists and engineers to associate their
efforts with the limited membership of the Academy in service to science and the
nation. Its members, who receive their appointments from the President of the
National Academy of Sciences, are drawn from academic, industrial and government
organizations throughout the country. The National Research Council serves both
Academies in the discharge of their responsibilities.

Supported by private and public contributions, grants, and contracts, and volun-
tary contributions of time and effort by several thousand of the nation’s leading
scientists and engineers, the Academies and their Research Council thus work to
serve the national interest, to foster the sound development of science and engineering,
“and to promote their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight- major Divisions into

which the National Research Council is- organized for the conduct of its work.
Its membership includes representatives of the nation’s leading technical societies as
well as a number of members-at-large. Its Chairman is appointed by the Council
of the Academy of Sciences upon nomination by the Council of the Academy of
Engineering.

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920, as an
agency of the Division of Engineering, is a cooperative organization of the high-
way technologists of America operating under the auspices of the National Research
Council and with the support of the several highway departments, the Federal Highway
Adininistration, and many other organizations interested in the development of trans-
portation. The purpose of the Board is to advance knowledge concerning the nature
and performance of transportation systems, through the stimulation of research and
dissemination of information derived therefrom.
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