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SUMMARY 

This report describes the experience of the Virginia Depart- 
ment of Highways and Transportation with the use of high range, 
water reduced (HRWR) concrete. A description of the installation 
of the HRWR concrete in two pavements and four bridge decks, along 
with the results of evaluative tests, is given in Appendix A. 
Appendix B details the evaluations of HRWR concretes prepared in 
the laboratory at the Research Council. Based on the field and 
laboratory experience, recommendations concerning the further use 
of HRWR concrete by the Virginia Department of Highways and Trans- 
portation were formulated. 

As noted in Appendix A, on the average the HRWR concrete 
placed in the field with conventional equipment was properly 
consolidated and controlled. However, because of the unanticipated 
variability of the concrete, portions of the concrete exhibited in- 
adequate consolidation, segregated mixture components, improperly 
entrained air, shrinkage cracks, and poor finishes. Also, speci- 
mens subjected to cycles of freezing and thawing showed low dura- 
bility factors that were attributed to an unsatisfactory air void 
system. 

As noted in Appendix B, subsequent laboratory work revealed 
that HRWR admixtures satisfied the requirements of ASTM C494. On 
the basis of the results of the laboratory work, explanations were 
developed for the problems that occurred in the field. 
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INTRODUCTI ON 

Superplasticizers may be grouped into four generic classes 
as follows" (i) sulphonated melamine formaldehyde condensates, 
(2) sulphonated naphthalene formaldehyde condensates, (3) modi- 
fied ligno sulphonates, and (4) others.(1) The napthalene 
formaldehyde condensates have .been used in Japan for approximate- 
ly 13 years and the other three classes have b.een used in Germany 
during the past i0 years. Their use has spread to other parts 
of Europe, to Canada, and to the United States during the past 
8 years. 

The superplasticizing admixtures are typically used for one 
or more of three purposes. First, they may be used to produce 
high-range, water-reduced (HRWR) concrete, which is best described 
as concrete exhibiting conventional workability (Slump 0 _to 
5 in.)*-•but having a water to cement •w./.c) ratio at least 12% less 
than that of a conventional mixture.<Z) The cost of the admixture 
is usually justified on the basis of improvements in the early or 
long-term strength or reductions in permeability. A second appli- 
cation for the admixtures is in the production of flowing concrete, 
i.e., concrete havi• a conventional w/c and strength but a slump 
in excess of 7• in. ) The cost of the admixture is justified on 
the basis of a reduction in labor costs, since the concrete is 
reported to be self-leveling. This concrete also lends itself to 
good consolidation in heavily reinforced members. A third applica- 
tion is in the production of concrete having conventional work- 
ability and strength but a lower than conventional cement content. 
In this case, the cost of the admixture is offset by a reduction 
in the cost of cement. 

The early experiences in Japan emphasized HRWR concrete, where- 
as the early experiences in Germany concentrated on flowing con- crete.(1) The predominant application for HRWR concrete in the 
United States has been in the precast, prestressed concrete industry, 
where energy consumption can be reduced through a reduction in 
accelerated curing time and production rates can be increased. 

*For metric conversions, see Notations on page 23. 



Most highway applications have been for pavement or bridge deck 
repairs. The ASTM classified the admixtures as Type F, Water 
Reducing High Range, and Type G, Water Reducing High Range and 
Retarding_(2) Information on superplasticizing admixtures con- 
tinues to surface but the best current sources are the proceedings 
of the two international symposiums on Superplasticizers in Con- 
crete held in Ottawa, Canada, in May 1978 and June 1981,(3, 4) and 
reports by the U. S. Department of Transportation,(5)the Portland 
Cement Association, (6) and the Federal Highway Administration. (7) 
The sources of information generally support expanding the.use of 
HRWR admixtures. 

REPORT FORMAT 

The body of this report gives a general discussion of Vir- 
ginia's experience with HRWR concrete and focuses on the develop- 
ment of conclusions and recommendations on its use. 

A description of the installation of HRWR concrete on two 
pavements and four bridge decks, along with the results of evalu- 
ative tests, is given in Appendix A. 

Appendix B details the evaluations .of HRWR concretes prepared 
in the laboratory at the Research Council. 

BACKGROUND 

HRWR concrete was used experimentally by the Virginia Depart- 
ment of Highways and Transportation on five construction jobs be- 
tween May 1974 and June 1977. Melamine (M) and naphthalene (N) 
sulfonate polymer admixtures were used to produce concrete having 
a w/c in the range of 0.34 to 0.37, which was a 20% to 25% reduction 
in water content. On these jobs an effort was made to maintain a 
workability that would allow the concrete to be placed with con- 
ventional equipment; that is, to use concrete with a slump > 2 in. 

State maintenance forces installed the first HRWR concrete 
in Virginia in the form of 15 small, partial-depth pavement patches 
on the Norfolk and Virginia Beach Expressway.(8) No problems 
were encountered, and the maximum time required to batch, place, 
consolidate, finish, and apply the liquid membrane curing compound 
for any one patch was about 15 minutes. The patches appear to be 
in good condition after being subjected to seven years of heavy 
traffic and a very modest number of cycles of freezing and thawing. 



Maintenance forces next used HRWR concrete to construct a 
fu!l--depth, 9-in. turning lane approximately 200 ft. long and 
ii ft. wide on Rte. 29 near Lynchburg. The ready-mix concrete, 
which was batched at a plant located 5 minutes from the job site, 
was placed and finished in a few minutes without any noticeable 
problems. This pavement appears to be in satisfactory condition 
after being subjected to 6.5 years of moderate traffic and a 
fair number of cycles of freezing and thawing. Several major 
transverse cracks are visible and much of the surface has scaled 
moderately, with coarse aggregate being visible in many areas. 
An examination of cores removed from the pavement indicated that 
some of the concrete was poorly consolidated. 

As with the full-depth pavement installation, for the first 
deck overlay with HRWR concrete, which was placed on a bridge 
(B616) at Charlottesville, the HRWR admixture (FX-32) was blended 
in powdered form with the fine aggregate prior to being placed in 
the ready-mix truck at the batch plant, which was located 25 min- 
utes from the job site. A rapid loss in workability during transit 
and placement was not anticipated and therefore not properly accom- 
modated. Petrographic examinations of cores removed from the 4 in. 
thick overlay showed that the concrete was much too permeable be- 
cause of inadequate consolidation. Following one winter of freezing 
and thawing and heavy traffic, the concrete deteriorated to the 
point that it had to be replaced. Obviously, the concrete was in- 
ferior because the contractor failed to place, consolidate, and 
finish it before it lost its workability. 

See Appendix A for additional details on these three installa- 
tions. 

PURPOSE AND SCOPE 

The consolidation problems resulting from the rapid loss in 
workability during the construction of B616 in Charlottesville 
suggested a need for an evaluation of HRWR concrete. The need was 
urgent because HRWR concrete was scheduled to be used on two new 
bridge decks at Norton, one new deck. in Roanoke, and on one deck on 

a repair project in South Hill. 

The work plan was to monitor the batching and placing of the 
HRWR concrete on these bridges and to conduct laboratory research 
to gain information on which to base recommendations to the Vir- 
ginia Department of Highways and Transportation on the effective 
use of HRWR concrete.. 



The specific objectives were to" 

i. Establish guidelines for adding super- 
plasticizers and for mixing, placing, 
consolidating, and finishing super- 
plasticized concrete for bridge decks. 

2. Establish field acceptance procedures 
for superplasticized concrete. 

3. Examine the freeze-thaw durability of 
superplasticized concrete. 

4. Identify factors which contribute to rapid 
slump loss. 

Because the field installations in Norton were under way at 
the time the working plan was approved, (9) it was necessary to 
complete the monitoring of the field installations prior to ini- 
tiating the work in the laboratory. 

DISCUSSION OF RESULTS 

AS...TM ..C494 .Requirements 
The laboratory results indicated that when used in typical 

highway concretes, either alone or in combination with type D 
water-reducing, retarding admixtures, HRWR admixtures satisfied 
the requirements of ASTM C494 for type F or type G admixtures. 
Failures were limited to the following" (a) a failure to meet 
the early strength requirements when the water reduction was only 
12%, (b) a failure to meet the setting time requirements when the 
dosage of HRWR admixture or HRWR admixture plus type D admixture 
was very high, and (c) a failure to satisfy the freeze-thaw re- 
quirements when the air content was below 6.5%. 

Cylinder Strengt..h 

The greatest obvious benefit to be achieved from the use of 
HRWR concrete is an improvement in the strength of concrete cylin- 
ders. In the work discussed here, the twenty-eight day cylinder 
strengths and flexural strengths appeared to increase, as would 
be expected based on the water reduction that is achieved. The 
strength of the HRWR concret.e relative to that of the control 
concrete was usually greatest at early ages.. The improvements 
in cylinder strengths were noted in both the laboratory and field 
prepared specimens. 



Per•meabilit,y 
The laboratory results indicated that another potential 

benefit to be derived from the use of HRWR concrete is a reduc- 
tion in permeability proportional to the water reduction. No 
permeability tests were performed on the field specimens, but it 
is believed that as long as proper consolidation was achieved 
the expected permeability was also obtained. Because of problems 
in achieving proper consolidation in the field, due to a loss in 
slump, much of the concrete was probably more permeable than indi- 
cated by the laboratory specimens. The risk that proper consolida- 
tion will not be achieved tends to offset the potential benefit 
in permeability to be •gained from using HRWR concrete. 

Drying Sh..rin.kag e 

HRWR concrete specimens prepared in the laboratory (no speci- 
mens were prepared in the field) exhibited a shrinkage similar to 
that of the control concrete. It is believed that shrinkage was 
negligible in both the HRWR concrete and the conventional control 
concretes because they were both of very high quality. The only 
shrinkage problem noted in the field was a limited amount of 
plastic shrinkage that resulted from a failure to apply the curing 
compound before all the excess surface moisture was lost. 

S e,t.ting Time 
The laboratory work indicated that the use of HRWR admixtures 

usually retarded the setting time slightly, but occasionally set 
was accelerated, particularly with the use of melamine admixtures, 
and quite frequently the setting time was extended two hours or 

more. Extended retardation was usually limited to the concretes 
containing type D retarders or to concretes given very high dosages 
of admixtures. 

Freeze-Thaw Performance 

The specimens prepared in the laboratory exhibited improved 
resistance to damage from cycles of freezing and thawing over that 
of the specimens prepared in the field. The likely cause of the 
high percentage of failures of the freeze-thaw specimens prepared 
in the field was their low air content. The specifications called 
for an air content of 5% to 8% or 5% to 9%, and on the average the 
specifications were satisfied. However, because of the variability 
of the field concrete, some specimens had lower than prescribed 
air contents and a majority of the specimens had an air content 
lower than the 6.5%-found to be the typical minimum amount for 



satisfactory performance based on the laboratory work. Also, 
the laboratory work revealed that the transition between un- 
acceptable and acceptable freeze-thaw performance occurs when 
the air content is between 5% and 6.5%. 

Air Void Characteristics 

Concretes prepared in the laboratory exhibited air void 
characteristics similar to those of the concretes prepared in 
the field. Typically, the HRWR highway concretes exhibited a 
spacing factor between 0.008 and 0.014 in., and most of these 
concretes passed the freeze-thaw test conducted in accordance 
with ASTM C666, Procedure A. A plot of the relationship between 
durability factor and spacing factor indicated that it is reason- 
able to expect acceptable durability when the spacing factor is 
less than 0.012 in. 

On the average, the HRWR highway concretes having a w/c = 

0.34 exhibited a specific surface of 388 in. -I The specific 
surface appears to be a function of the w/c; as the w/c increases 
the specific surface increases. No relation was found between 
the durability factor and specific surface. 

S l,u,m,p, .Los s 

On the average, the HRWR concretes lost slump about twice 
as fast as the control concretes. The rate of slump loss varied 
from batch to batch, but no definite trends could be established. 

It appeared that HRWR concrete prepared in • ready-mix 
truck lost slump faster than the same mixture proportions combined 
with a pan-type mixer in the laboratory. Evidently the efficiency 
of the mixer, mixing time, and the degree of control over the 
relative quantities of ingredients can affect the slump as well 
as the loss of slump. In general, the rapid slump loss appears 
to be a natural characteristic of HRWR concrete. The literature 
indicates that some combinations of cement and admixtures lose 
slump faster than others. More study of slump loss is needed. 

Air Loss 

Some HRWR concretes lost air twice as fast as conventional 
highway concretes, and. this must be taken into account when 
accepting concrete. 



Ty..pe D Admixtures 

Based on the laboratory work it appears that, in general, 
the use of •the type D admixtures in combination with the HRWR 
admixtures did not significantly change the freeze-thaw per- 
formance, the air void characteristics, or the rate of slump 
loss. Early strength was less only when the set was retarded 
considerably. There was no field experience with type D ad- 
mixtures. 

Seque,n. ce of ,Addition of A,dmixtur,gs 
Based on the laboratory work it is believed that the sequence 

of the addition of the HRWR admixture and the air-entraining ad- 
mixture (AEA) has only a marginal effect on the properties of the 
concrete. When the AEA is added last, the specific surface tends 
to be slightly higher and the slump lower than when it is added 
first. The delayed addition of the HRWR admixture retards the 
set and produces concrete with a lower air content, because air 
is lost during the delay. This behavior would be expected, since 
it is generally accepted that admixtures are the most effective 
the later they are added to the concrete. 

S e.gr.,,eg a• i, on 
Segregation of the mixture was noted in the field and the 

laboratory concretes when slumps exceeded 7 in. This happened 
only when unanticipated moisture was present in the mixture or 
when the dosage of HRWR admixtures was intentionally high enough 
to produce the high slump. It was also observed that concretes 
exhibiting unacceptably low air contents tended to bleed and 
segregate. It is believed that segregation can be prevented by 
maintaining an acceptable air content in the concrete, by maintain- 
ing a slump of 7 in. or less, and by using the correct dosage of 
HRWR admixture for the moisture content, air content, and mixture 
proportions. 

Trial Batching 

One or more trial batches were made prior to placing the 
HRWR concrete in the field. However, these were not extensively 
monitored so.as to identify problems that could arise during all 
phases of the field installations. Based on the work in the 
laboratory, it is believed that problems with HRWR concrete can 
be held to a minimum with adequate trial batching and preliminary 
planning. 



Si•nifi.c.an.ce. o•.. Labo.ra.tory W.ork 

As a result of the laboratory work,•ee Appendix B, suitable 
explanations were derived for the problems encountered when HRWR 
admixtures were used in the field. For example, the laboratory 
work indicated that the freeze-thaw failures were a result of air 
contents lower t•an 6.5% •. It also revealed that the large sp•cing 
factors are typical of HRWR concretes having a w/c 0.34 and 
are not. necessarily related to field activities. The consolida- 
tion and finishing problems noted in the field were a result of a 
failure to properly anticipate and appropriately deal with the 
rate of slump loss typical of HRWR concretes. The segregation 
was a result of placing HRWR concrete with a slump in excess of 
7 in. The bleeding was caused by a combination of low air con- 
tents and high concentrations of the HRWR admixture resulting from 
a failure to get the admixture properly distributed throughout the 
ready-mix truck. In some instances, inadequate mixing may have 
magnified all of the cited problems, because a ready-mix truck 
cannot be expected to disperse an admixture in low-slump concrete 
a• effectively as the pan-type mixer used in the laboratory. 

GUIDELINES FOR EFFECTIVE USE OF H•WR CONCRETE 

Batching and Placing 
,,, 

One of the objectives of this project was to establish guide- 
lines for adding HRWR admixtures and for mixing, placing, consoli- 
dating, and finishing HRWR concrete 

Trial Batches 

It is believed that the first step is to become familiar with 
the cement, admixtures, and mixture proportions proposed for the 
work at hand. If the HRWR admixture is not specified, the initial 
selection can be based on cost, since there appears to be little 
difference between most of the admixtures when considered on a 
percentage-solids basis. Batches of paste or mortar should be 
prepared and the slump loss, setting time, and bleeding characteris- 
tics observed. A mini slump cone can be used to identify any 
problem with slump loss.(10) If problems are noted, a change should 
be made in the cement or combination of admixtures. 

Once any problems with the pastes or mortars have been solved, 
a concrete mixture should be proportioned in accordance with ACI 



recommended practice•and a trial batch should be made s.imu!ating 
the conditions, equipment, manpower, and procedures anticipated 
for the proposed project. A successful trial batch should en- 
hance the chances for a successful installation. If problems are 
noted during the trial batch, the mixture proportions, equipment, 
or installation plans should be changed as necessary to eliminate 
them. 

Batch S ize 

The quantity of concrete batched should be no greater than 
the quantity that can be placed, consolidated, screeded, and 
finished while maintaining acceptable properties of the concrete. 
It has been shown that the time required to install a given quantity 
of concrete is a function of many variables, including the length of 
the screed span. For typical bridge decks in Virginia, only about 
1.5 to 3.5 yd. 3 can be placed and screeded in the 15 minutes that 
is typical of the time required for HRWR concrete to lo•e h•If 
its slump. Much larger volumes of HRWR concrete could be properly 
placed in the same amount of time in •structural members such as bridge beams that have a much smaller screed surface to volume ratio 
than bridge decks. 

Addition of HRWR Admixtures 

When feasible, the HRWR admixture should be batched with the 
other ingredients. This procedure provides the best opportunity 
to disperse the admixture throughout the concrete mixture and is 
particularly important when the slump of the concrete would be below 
2 in. without the admixture. Delaying the addition of the HRWR ad- 
mixture appears to be an acceptable practice but is certainly more 
likely to cause quality control problems than adding it during the 
batching of the concrete. When addition of the admixture must be 
delayed, the slump of the concrete should be _> 2 in. if possible 
prior to the addition so that proper mixing and distribution of 
the admixture can be reasonably assured. Multiple additions of 
the admixture are acceptable as long as proper distribution is 
achieved and the specified plastic properties of the concrete are 
maintained. Multiple additions of the AEA can also be tolerated 
but should be avoided if possible because of the increased potential 
for quality control problems. 

Mixing 
Proper mixing.of the concrete is a prerequisite for satisfactory 

performance. Ready-mix trucks are not particularly suitable for 



mixing concrete having a• .slump of less than • in. If they ame 
to be used to mix HRWR concmete, steps should be taken to ensume 
that the initial slump of the concmete is at least 2 in. Ap- 
p•opmiate steps could include specifying a highem than usual 
w/c om adding a type B om D admixture om pamtial dose of HRWR 
admixZure duming the initial batching. High efficiency mixems 
such as the pan-type mixem used in the labomatomy should be 
used to mix HRWR concmete that is to have a slump of less than 
2 in. priom to the addition of the HRWR admixtume. 

Pl..ac ,i, ng 
HRWR concrete should be placed as quickly as possible, with 

a direct discharge fmom the mixer into the forms being used when 
feasible. Methods such as the use of baggies or wheelbarrows that 
require a prolonged transport time between the mixer and the forms 
should be avoided. 

Consolidation 

Equipment must be available to properly consolidate the 
concrete while it has acceptable workability. Concrete that 
exhibits a high slump should be vibrated carefully to prevent seg- 
regation• with the amount of vibration being inversely proportional 
to the slump. Internal vibrators should not be used to consolidate 
concrete having a slump of less than 2 in. External vibrators 
such as vibrating screeds have been found to provide acceptable 
consolidation for such concrete. 

F, in.i.s, hing 
With the exception of trowel finishes, which are seldom used 

in highway applications, finishing operations must be completed 
while the concrete has acceptable workability. HRWR concrete tends 
to stiffen prematurely at the surface, so a screed finish is the 
easiest type to achieve. Special finishes such as are imparted with 
a. burlap drag, rake, or tines will not be satisfactory unless 
applied immediately after the screeding operation. An acceptable 
grooved finish for skid resistance is probably best achieved by 
sawing the hardened concrete surface. 

C•uroi,ng 
To prevent plastic shrinkage cracking, the curing compound 

or curing material should be applied t.o the surface of the concrete 

as the sheen disappears. There is usually little excess bleed 
water on the surface of HRWR concrete, so the curing compound or 
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material will usually have to be applied at a very early age, 
such as immediately after the screeding or other finishing 
operation. 

Acceptance Proce.dur...e s 
The second specific objective of this project was to establish 

acceptance procedures for HRWR concrete. 

ASTM C.494 Requirements 

Initially, it must be determined that when used in the mixture 
proportions proposed for a job the admixture will satisfy the re- quirements of ASTM C494. The laboratory work has demonstrated 
that when used alone or in combination with type D admixtures the 
typical HRWR admixtures can satisfy the requirements of ASTM C494. 
Any HRWR admixtures found to be significantly different from those 
that have been evaluated would have to be tested for conformance. 
Also, the HRWR admixtures would have to be tested for conformance 
when used in concrete mixtures in which the cements or mixture 
proportions are significantly different from those used in the 
study. 

As in conventional practice, the slump (ASTM C143) of the 
concrete should be checked prior to placement. Unless otherwise 
specified, the slump should be from 2 to 7 in. throughout the in- 
stallation. Because of slump loss, the inspector should prede- 
termine the time that will be required to install the concrete 
and should reject concrete that will have a slump of less than 
2 in. before the installation is complete. In most instances 
concrete that exhibits a slump in excess of 7 in. initially can 
be used once the slump is • 7 in. The same requirements apply 
if additional HRWR admixture is added to the concrete to increase 
the slump. 

Air Content 

As in conventional practice the air content (ASTM C231) should 
be checked prior to placing the concrete. Because of the possi- 
bility of a sizeable change in air content taking place during the installation, the inspector should be prepared to make as many 

ii 



tests as necessary to ensure that all the concrete has the 
specified air content at the time it is placed in the forms. 

Where resistance to damage from cycles of freezing and 
thawing is of major importance as in bridge decks, the air 
content should be between 6% and 10% and preferably on the 
higher side of the specified range. Where such resistance is 
of lesser importance as with most precast concrete members, 
the air content should be between •% and 9%. An acceptable 
specification for pavement repairs is 5% to 9%. 

Appeara_nce 

Concrete that is bleeding excessively or otherwise segre- 
gating should be rejected. Excessive bleeding and segregation 
are good indicators that the air content is too low, that the 
HRWR admixture dosage, the w/c, or the slump is too high, or 
that mixing is incomplete. 

Strength 

Again as in conventional practice, the strength of the con- 
crete should be determined by subjecting specimens prepared at 
the job site to compression or flexural tests. Because of the 
water reductions usually achieved with HRWR admixtures, there is 
little chance that properly prepared specimens will fail 28-day 
strength tests. Failures at very early ages may occur if the 
w/c was not as low as anticipated or if the set of the concrete 
was accidently delayed for a considerable time. 

Final Acceptance 

In most instances, compliance with the previously mentioned 
specifications will ensure that the concrete is acceptable. Final 
decisions as to the quality of the concrete that did not satisfy 
the previously mentioned specifications should be based on petro- 
graphic examinations, permeability tests, or compression tests of 
cores removed from the structure. The petrographic examination 
can. verify if the air content was adequate and if consolidation 
was satisfactory, the permeability tests can provide an indication 
of the w/c and the degree of consolidation of the concrete, and 
the compression tests can provide a good indication of the strength 
of the concrete. 
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Freez..e-Thaw Durabilit • 

A third objective of this study was to examine the freeze- 
thaw durability of HRWR concrete. The study indicated that HRWR 
concrete can satisfy the requirements of ASTM C666, Procedure A 
when the air content exceeds 6.5%. Typically, the HRWR concrete 
exhibited a spacing factor between 0.008 in. and 0.014 in., and 
most of the concrete passed the freeze-thaw test when the spacing 
factor was less than 0.012 in. The average specific surface for 
HRWR concrete having a w/c of 0 34 was 388 in -i which is much 
lower than that found in conventional highway concretes. The 
low specific surface was found to be caused by the low w/c and 
the presence of the HRWR admixture. 

S lump _Los s 

A fourth objective of this project was to identify factors 
that contribute to rapid slump loss. The study found that, on 
the average, the HRWR concretes lost slump about twice as fast 
as the control concretes. The rate of slump loss varied from 
batch to batch but no definite trends could be established. It 
appeared that HRWR concrete prepared in a ready-mix truck would 
lose slump faster than the same mixture proportions combined with 
a pan-type mixer in the laboratory. Evidently the efficiency of 
the mixer, mixing time, and the degree of control over the rela- 
tive qusntities of ingredients can affect slump as well as slump 
loss. In general, the rapid slump loss noted in Virginia appears 
to be a natural characteristic of HRWR concrete. More study of 
slump loss is needed. 

The literature indicates that some combinations of cements 
and admixtures lose slump faster than others. For example, a 
report by the FHWA indicates that "slump loss is a function of 
cement and admixture composition, dosage of admixture, time of 
addition of admixture, concrete paste contents, and temperature. ''(7) 
The interested reader should refer to this work. It is worth 
noting, however, that the effect of some of these variables on 
slump loss is of academic interest only since the effects are 
either minor or the desired effects are impractical to implement. 
For the time being it is believed that the best way to handle 
slump loss is to determine ahead of time the rate of slump loss 
for the locally available cements and admixtures and to organize 
the installation operations to deal with it. If slump loss con- 
tinues to be a problem, an effort can be made to find a combina- 
tion of cement and admixture that will be more acceptable. 
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R,ecomme,n,d,e d Applications for HRWR .Concrete 

(A) HRWR concrete is best suited for use in precast, prestressed 
concrete work because of the advantages to be gained from 
the high early strength and the potential for reducing the 
accelerated curing time. Furthermore, slump loss can be 
handled more easily in the plant. Finally, it is believed 
that with proper knowledge of HRWR admixtures, conventional 
precast plant concreting practices, with. minor modifications, 
can be used to batch, place, consolidate, finish, and accept 
HRWR concrete. Two major precast concrete producers in 
Virginia are routinely using HRWR concretes in nonhighway 
applications. Unfortunately, the higher air content which 
is required for satisfactory freeze-thaw performance will 
cause some reduction in strength but the reduction should not 
be a problem. 

(B) HRWR concrete is second best suited for pavement repairs and 
other general concrete construction. The high early strength 
offers significant advantages but slump loss can present a 
problem if the user is not prepared to accommodate it. Con- 
ventional concrete practice must be modified slightly when 
HRWR concrete is used for pavement repairs, since care must 
be taken to ensure that proper mixing is achieved when ready- 
mix trucks are used and to ensure that the concrete is placed 
and finished before the slump drops below the acceptable 
level. The higher air content which is required for frost 
protection should not be a problem. 

(C) Primarily because of the rapid loss in slump, HRWR concrete 
does not lend itself to use in bridge deck construction. Al- 
though it is probably true that a properly organized con- 
tractor could construct a good quality HRWR concrete deck, 
there is little chance that HRWR concrete decks could be 
properly constructed by the average contractor on a regular 
basis. Assuming that adequate consolidation were achieved, 
an HRWR concrete deck would be less susceptible to chloride 
intrusion than a conventional deck, and adequate freeze-thaw 
durability could be achieved by maintaining the air content 
above 6.5%. However, weighing the benefits against the 
risks, HRWR concrete decks do not appear to be an attractive 
alternative at this time. The use of HRWR concrete in other 
parts of the bridge superstructure would be acceptable but 
not necessarily advantageous. An air content of 6% to 10% 
should be the minimum specified for HRWR concrete used in 
bridge decks. 
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Con cl,u,d ing_ .Rema,r,ks 
The use of HRWR admixtures to produce concrete having a 

slump in excess of 7 in. or concrete with a water reduction less 
than 12% should not be permitted until further study is made of 
these types of concrete. Similarly, the use of cement reduced 
concrete containing HRWR admixtures should not be permitted until 
an adequate study can be made of these concretes. 

It is believed at this point that the greatest risks asso- 
ciated with the use of HRWR admixtures in typical highway con- 

cretes include segregation, rapid loss in slump, extended setting 
time, and poor freeze-thaw durability. Since a contractor who 
is familiar with HRWR concrete can probably minimize these risks, 
in some situations the benefits to be gained from using HRWR 
concrete will justify the risks. 

In most situations conventional concrete acceptance procedures 
and concreting practices, particularly those which are rapid, can 
be used to handle HRWR concrete. Because of slump loss and air 
loss special care must be taken to ensure that the concrete has 
the proper air content and workability at the final stages of the 
installation. Satisfactory freeze-thaw durability can be achieved 
by maintaining a proper air content. Slump loss appears to be a 

natural characteristic of HRWR concrete related to the properties 
of the concrete and for the present will have to be dealt with 
rather than eliminated. Perhaps in the future special blends of 
cement will be developed that will provide for extended working 
time and special equipment will be devised to minimize the 
problems associated with placing HRWR concrete. 

CONCLUSIONS 

i. When used in typical highway concretes, either alone or 
in combination with type D water-reducing, retarding ad- 
mixtures, HRWR admixtures can satisfy the requirements of 
ASTM C494 for type F or type G admixtures. 

2. The obvious benefits achieved by using HRWR admixtures 
in typical highway concrete include an increase in the 
early and the 28-day compressive and flexural strengths, 
and a decrease in permeability. 

3. The use of HRWR admixtures in typical highway concrete 

appears to have little effect on drying shrinkage. 
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4. The greatest risks associated with the use of HRWR 
admixtures in typical highway concretes include segre- 
gation, rapid loss in slump, extended setting time, and 
poor freeze-thaw durability. 

5. Segregation can usually be prevented by preparing a properly 
proportioned and properly air-entrained mixture with a slump 
of 7 in. or less. 

6. On the average, HRWR concretes tested in .this study lost slump 
about twice as fast as typical highway concretes. 

7. The use of HRWR admixtures in typical highway concretes 
usually retards the setting time slightly, but occasionally 
set may be accelerated, particularly with the use of melamine 
admixtures, and quite frequently setting time may be extended 
two hours or more. 

8. HRWR highway concretes having an air content of 6.5% or 
greater as determined by ASTM C231 can pass the freeze-thaw 
test prescribed by Procedure A of ASTM C666. Similar con- 
cretes with an air content less than 5.0% can't pass the 
test. 

9. Typically, HRWR highway concretes exhibit a spacing factor 
between 0.008 in. and 0.014 in. It is reasonable to expect 
acceptable freeze-thaw performance when the spacing factor 
is less than 0.012 in. 

i0. On the average, HRWR highway concretes having a w/c = 0.34, 
exhibit a specific surface of 388 in.-l. The specific 
surface appears to be a function of the w/c;as the w/c in- 
creases the specific surface increases. 

Ii. Some HRWR concretes lose air twice as fast as conventional 
highway concretes and this must be taken into account when 
accepting the concrete. 

12. The sequence of the addition of the HRWR admixture and the 
AEA has only a marginal effect on the properties of the con- 
crete. 

13. In general, the use of type D admixtures in combination with 
HRWR admixtures did not produce significant improvements in 
the freeze-thaw performance, the air void characteristics•or 
the rate of slump loss. Early strength was less only when 
set .was retarded considerably. 
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14. The laboratory work reported here provided suitable 
explanations for the problems encountered when HRWR 
admixtures were used in the field. 

15. Problems with HRWR concrete can be held to a minimum with 
adequate trial batching and preliminary planning. 

16. HRWR concrete is best suited for use in precast, prestressed 
concrete work because of the advantages to be gained from the 
high early strength and the potential for reducing the 
accelerated .curing time. Furthermore, slump loss can be 
handled more easily in the plant. 

17. HRWR concrete is second best suited for pavement repairs and 
other general concrete construction. The high early strength 
offers significant advantages but slump loss can present a 

problem if the user is not prepared to accommodate it. 

18. Primarily because of the rapid loss in slump, HRWR concrete 
does not lend itself to use in bridge deck construction. The 

use of HRWR concrete in other parts of the bridge superstruc- 
ture would be acceptable but not necessarily advantageous. 

19. The use of HRWR admixtures to produce concrete having a slump 
in excess of 7 in. or concrete with a water reduction less 
than 12% should not be permitted until further study is made 
of these types of concretes. 

RE C 0MMENDAT I 0 N S 

io Permission to use HRWR admixtures that conform to the re- 
quirements of ASTM C494, Type F or Type G should be granted 
on a case-by-case basis, so long as the user demonstrates .he 
can use the admixtures without producing segregated concrete 
or concrete that otherwise does not meet specifications. 

2. The Department should prepare a specification to cover the 
requirements for HRWR concrete. The requirements should be 
the same as those contained in Table 11-15 of the Road and 
Bridge Specification with the exception that the upper l-i•it 
on slump-s'h•u'Id-•e m•creased to 7 in. and the average accept- 
able air content should be increased by from 1.% to 3%, depend- 
ing upon the class of concrete. 

3. A laboratory research project should be conducted to evaluate 
flowing concretes, more specifically concretes with slumps 
in excess of 7 in. or concrete in which the water reduction 
is less than 12%. 
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4. A laboratory research project should be undertaken to 
evaluate the suitability of HRWR admixtures for reducing 
the cement content of typical highway concretes. 

5. The Department should keep abreast of developments per- 
taining to HRWR admixtures. 
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METRIC CONVERSIONS 

I inch 
: 2.5• cm 

I ft. 
= 30.5 cm 

3 i lb./ft. 16.02 kg/m 

1 lb./yd. •32.5 kg/m 

3 3 I yd. = 0.765 m 

3 3 i ft. = 28.3 dm 

2 i lb./in. 6.895 kPa 
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APPENDIX A 

FIELD INSTALLATIONS 

Installation Designations 

Prior to the initiation of this research project, HRWR con- 
crete had been used on three construction projects in Virginia. 
These installations are designated as follows" 

Partial-depth pavement repair R-44 

Full-depth turning lane R-29 

Barracks Road Bridge deck overlay B616 

Limited details of these installations are given along with the 
more detailed and planned evaluations of the HRWR concrete used 
at Norton and South Hill. Although only two contractors were involved, the use of HRWR concrete at Norton and South Hill is 
best described as five installations designated as follows- 

Fourth deck overlay in Norton B602-C 

Fifth and sixth deck overlays, 
in Norton B602 

Seventh, eighth, and ninth deck 
overlays in Norton B603 

First, second and third deck 
overlays in South Hill 185-A 

Fourth and fifth deck overlays 
in South Hill 185-B 

For comparison, evaluations were made of the two conventional 
installations by the contractors in Norton and South Hill and a 
third conventional installation in Floyd County that involved 
similar construction circumstances. These control installations 
are denoted as follows" 

First, second, and third deck overlays in Norton B604 

Sixth deck overlay in South Hill 185-C 

First and second deck overlays in Floyd County B639 



Comparison of Mixture Proportions and Plasti c .p•p.•,r%ii,,e.s. ,•f',, cgn•r•te, 
M.i..xtur e .Pro.portion s 

As can be seen from Table A-I the mixture proportions were 
not significantly different for any of the installations. The 
cement content was 6-3/4 to 7-1/2 bags/yd. 3 for all the installa- 
tions. One-inch maximum size crushed stone was used on many of 
the installations; half-inch maximum size crushed stone or gravel 
was used on the others. The water content was 20% to 25% lower 
for the HRWR concrete than that for the control installations. 
The concentration of HRWR admixture was 1.0% solids by weight 
of cement for the installations in which FX32 was used and varied 
from 0.5% to 1.0% for the installations in which MIS0 was used. 

Plastiq ,,Prope..rtie.s 9f C0ng,r,e,t,e 
The ASTM C231 pressure method was used to measure the air 

contents of all the study concretes, and the consistency was de- 
termined in accordance with ASTM C143. As can be seen from Table 
A-2, on the average the properties of none of the concretes were 
significantly different at the plastic stage, with the exception 
that the slump at discharge was generally higher for the HRWR con- 
crete. However, because of the higher rate of slump loss of the 
HRWR concrete (see figure A-I), t.he slump was not always higher 
during the placing, consolidation, and screeding of the concrete. 
It was common for the slump to decrease by 50% in 20 minutes. The 
sawtooth effect exhibited in Figure A-I by the curves for B603, 
185-A, and 185-B was caused by interrupting the discharge to inject 
additional HRWR admixture. 

It is immediately apparent from the magnitudes of the standard 
deviations in Table A-2 that a significant difference between HRWR 
concrete and conventional concrete is the variability in their 
properties at the plastic stage. Assuming a normal distribution of 
data, approximately 35% of the HRWR concrete had an air content and 
40% a slump outside of the design range at the time of discharge as 
compared to only approximately 5% and 15%, respectively, for the 
conventional concrete. It is believed that the large variability 
in the measured properties of the HRWR concrete was caused by 
(I) the rapid change in the slump, (2) the retempering efforts to 
achieve a more uniform slump, (3) incomplete mixing, and (4) be- 
tween-batch fluctuations in the gradations and moisture content 
of the fine aggregate. These fluctuations were handled in the 
conventional installations by withholding, one gallon of water per 
yard of concrete and adding it at the job site as needed to get 
the desired slump. The fluctuations could not be handled in the 
HRWR concrete because the slump prior to the addition of the ad- 
mixture was zero, regardless of whether or not the water was with- 
held. The fluctuations were magnified in the high slumps occurring 
following the addition of the HRWR admixture. 
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Table A-2 

Properties of Plastic Concrete 

Air,•Co.ntent Percent Slump., in. 
!nstal.lati0..n •"' Av_y.$• std. •ev. Z (a) • "Av_y_$• Std."De•. 

B602 5.0-8.0 5.4 I. 9 50 4.0-8.0 5.7 2.8 
B603 5.0-8.0 6.1 1.4 30 4.0-8.0 4.8 2.3 
185-A 5.0-9.0 6.5 1.6 23 ->6.0 8.2 1.4 
185-B 5.0-9.0 5.5 1.7 41 >6.0 8.2 2.8 
B604 5.0-8.0 6.8 0.9 Ii 2 0-4 0 2,8 0 6 
185-C 5.0-9.0 6.7 0.4 0 2.0-5.0 4.7 0.2 
B639 5.0-8.0 6.8 0.8 8 2.0-4.0 3.8 0.5 

48 
45 
ii 
42 
ii 

6 
34 

( •'a'z 
Percent of data falling outside of design range assuming a normal 
distribution. 

Obviously, uniform concrete is difficult to achiev 
admixtures are added to ready-mix trucks at the job sit 
problems are compounded when the slump prior to the add 
the admixtures at the job site is less than 2 in. Hewl 
that to avoid the mixing problems that occur when low-s 
crete is mixed in a ready-mix truck, an initial dose of 
mixture, or a dose of conventional admixture or additio 
should be added at the batch plant so that the slump is 
the ready-mix truck reaches the job site.(A-l) 
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Figure A-I. Typical curves for slump versus time after 
mixing initial quantity of HRWR admixture. 

Comparison of Ba.tchin & a•nd Placing ,Co.nditigDs a,,nd. ,Equipme.nt. 
Table A-3 shows the batching and placing conditions and equip- 

ment and Table A-4 relates the conditions and equipment to the 
success of an installation and to the development of problems. There 
are some clear differences between the installations from the stand- 
point of types of equipment and method of concrete placement. Some 
combinations were obviously better suited than others to handle the 
high rate of slump loss exhibited by HRWR concrete. For example, 
installation R-44 was the best suited to handle HRWR concrete be- 
cause the installation Was similar to what would be found in the 
laboratory. The ingredients were pre-weighed and bagged, the 
batch size was small, the screed span was short, the admixture 
was added during the mixing, and the mixing of the ingredients took 
place just prior to discharge at the job site. The concrete for a 
patch could be mixed, placed, consolidated, and screeded in less 
than 15 minutes. 
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On the other hand ', installations B616 and B6•02-C were clearly 
not suitable for HRWR concrete. The admixture was added at the 
batch plant and the concrete lost most of its slump before it 
reached the job site. Efforts to restore the slump of the con- 
crete by •adding water at the bridge site were unsuccessful. 

The other installations deserve various ratings as to their 
suitability for HRWR concrete. Installation R-29 was successful 
because the concrete was batched at a ready-mix plant located only 
5 minutes from the job site. Also, the installation was successful 
because the concrete was discharged directly into the forms; the 
installation depth was 9 in., which was 2 to 3 times greater tha• 
for the other installations; and the screed span was ii ft., which 
is considerably shorter than those on the other i•stallations. The 
direct discharge and greater installation depth allowed for a rapid 
discharge and quick consolidation. The short screed spa• allowed 
the screed to move onto the concrete within a short time. The 
plant batching eliminated the quality control problems associated 
with the on-site addition of admixtures. The installation was 
successful because the concrete could be properly batched, deposited, 
consolidated, and screeded within 30 minutes. 

Unfortunately, R-29 was an unusual installation in a number of 
respects. For example, as is obvious from Table A-3 the typical 
ready-mix concrete installation requires a 20 to 30 minute or longer 
haul time. The typical overlay situation requires 30 to 40 minutes 
to deposit the concrete because the concrete can seldom be deposited 
directly into the forms from the truck and because the installation 
depth is shallow. In addition, the typically long screed spans do 
not allow all the concrete to be screeded immediately after it is 
placed. Figure A-2 shows the relationship between the screed span 
and the time required to place, consolidate, and screed i yd. 3 of 
concrete on typical bridge decks. The data for the figure were 
collected during bridge deck construction projects at Berryville, 
Norton, and South Hill. It can be seen that the longer the screed 
span, the longer it takes to complete installation operations on 
the concrete. The slow nature of the typical overlay installation 
does not lend itself to the use of HRWR ready-mix concrete. 

The on-site addition of the HRWR admixture was initiated with 
installation B602 to eliminate the problem of slump loss in transit. 
Unfortunately, the HRWR concrete used in Virginia had a slump of 
zero prior to the addition of the admixture and it was difficult to 
get the admixture properly dispersed throughout the 8 yd. 3 of con- 
crete in the ready-mix truck. Probably because of mixing problems 
and a slow placement operation, portions of the HRWR concrete on 
B602 were soupy enough to segregate and bleed and other portions 
were too stiff to properly consolidate and finish with the screed. 
(See Figures A-3 and A-4.) 
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Figure A-2. Relationship between screed length and the time 
required to place, consolidate, and screed i yd. 
of concrete on typical brid•e decks in Virginia. 



Figure A-3. Each cubic yard of HRWR concrete used on B602 
differed in appearance and slump. 

Figure A-•. Core showing segregation of fluid concrete 
used on B602. 

A-10 



As a result of the problems on B602 the manufacturer of the 
HRWR admixture recommended that changes in the mix design be made 
for B603. To prevent bleeding and segregation, the fine aggre- 
gate content was increased 7.5% by weight and the coarse aggregate 
content decreased proportionately. To provide for more complete 
mixing and a shorter discharge time, the batch size was reduced 
to 6 yd. 3 To help maintain a uniform slump, the addition of the 
HRWR admixture one or two times during the discharge was initiated. 

Unfortunately, the modifications did not eliminate most of 
the problems. Segregation did not occur on B603, but the slump 
did not exceed 8 in. since for the same dosage of HRWR admixture 
the slump was generally lower than on B602 due to the higher fine 
aggregate content on B603. Because each mixing of the additional 
admixture required several minutes, as much time was required to 
mix and deposit the 6-yd. batches used on B603 as for the 8-yd. 
batches on B602. Multiple additions of the HRWR admixture helped 
maintain a more uniform slump on B603, but it was obvious that 
proper mixing was not always achieved. Occasionally, after the 
addition of the admixture the consistency of the concrete did not 
change, and at other times the first concrete discharged after 
mixing was very soupy but was followed by concrete that was very 
stiff. Also, it was obvious that the multiple additions of the 
HRWR admixture did not eliminate the variability in the concrete 
caused by between-batch fluctuations in gradation and moisture 
content of the aggregate. For example, one span of B603 was covered 
with bleed water following the screeding operation and another span 
was stiff enough to walk on before the screeding operation was 
complete. Hewlett has indicated that an overdose of HRWR admixture 
will cause bleeding. (A-2) 

The technique of plant batching and site mixing with multiple 
additions of HRWR admixture as used on B603 was continued on 185-A 
and 185-B. The installations were similar with the following ex- 
ceptions. The average slump of the concrete was slightly higher 
on 185-A and 185-B than on B603 because the w/c was •higher and be- 
cause a gravel was used instead of a crushed stone. On 185-A the 
concrete was pumped into place so rapidly that the ready-mix 
producer had difficulty keeping the pump supplied. 

A double-rotating-drum type transverse screed that rolled 
over the 30-ft. wide deck surface between the parapets was used to 
level the concrete, which previously had been consolidated with in- 
ternal vibrators as it was discharged from the pump. Operating 
from the work bridge that was kept about 15 ft. behind the screed, 
laborers applied a hand finish, broom texture, and membrane curing 
compound. The entire operation was well-organized and moved in a 

very systematic manner (see Figure A-5), but the finished product 
appeared to be less than desirable. More than half of the surfaq•e 
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area was very rough and there were numerous highly porous areas 
in the top 0.25 in. of the overlay, both of which may be attributed 
to the inability of the contractor to properly level and finish 
the concrete before it lost its workability (see Figure A-6). The 
overlay also had numerous shrinkage cracks that probably formed 
because the contractor did not apply the curing compound as soon 

as the sheen disappeared. The fluid concrete was virtually self- 
leveling and self-consolidating, but to obtain a satisfactory 
finish and to prevent shrinkage cracks it was probably necessary 
to screed, texture, and apply the curing compound within about 
20 minutes after the concrete was placed. The contractor decided 
that he could not speed up his operation sufficiently to provide 
a satisfactory finish and chose to abandon the pumping operation. 

On the subsequent HRWR deck installations on 185 (185-B), the 
contractor chose to bring his placement operations under control 
by dividing the 30-ft. roadway width into two 15-ft. wide sections 
and replacing the drum type screed with a custom-made vibrating 
screed. The screed consisted of a vibrator attached to the midspan 
of several 2 in. x I0 in. timbers and two metal angles attached to 
the bottom of the timbers. 

The concrete was mixed at the site as with the pumping opera- 
tion and buggies were used to transport the concrete from the trucks 
to the deck. Since the screed spanned a distance of only 15 ft. the 
contractor was able to consolidate, screed, finish, and apply the 
curing compound in a very short time after the concrete was placed 
(see Figure A-7). Also, the forward travel of the vibrating screed 
could be adjusted to suit the consistency of the concrete and there- 
by impart a satisfactory finish whether the .concrete was fluid or 

very stiff. Considerable vibration is needed to consolidate and 
finish stiff concrete, whereas very little vibration can be tolerated 
when consolidating and finishing a fluid concrete. Although buggies 
do not provide for a rapid placement operation, the short span vi- 
brating screed provided a satisfactory finish. Two spans were 
overlaid with HRWR concrete using this technique. 

It has been apparent that between-batch fluctuations in grada- 
tion and moisture content of the fine aggregate can cause sizeable 
between-hatch fluctuations, in slump when a standard dosage of 
HRWR admixture is added to concrete. Nowhere was this phenomenon 
more pronounced that on 185-B, where concrete of desired workability 
was delivered on one day and a soupy mixture, as shown in Figure A-8, 
was delivered on another day. If the slump of the concrete had been 
something other than zero prior to the on-site addition of the HRWR 
admixture, the slump could have been measured and the dosage of 
HRWR admixture adjusted to prevent creating the soupy concrete. 
LaFraugh reports that he has successfully used the "Vebe" apparatus 
to detect differences in workability between batches of concrete 
having a slump of zero.(A-3) Perhaps this apparatus should have 
been put to use during the field installations in Virginia. 
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Figure A-5. HRWR concrete being pumped into 
place, 18S-A. 

Figure A-6. Poor finish resulting from a rapid loss 
in workability. 
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Figume A-7. Satisfactomy finish obtained with a vibmating 
stmaightedge and rapid placement operation. 

Figume A-8. HRWR concrete flowing out of .con•molon I85-B. 
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It is obvious from the field installations in Virginia that 
the ready-mix producers and the contractors were capable of batch- 
ing and installing the conventional concrete used on the control 
bridges B604, 185-C, and B639. A variety of reasons-have been 
cited to explain why the same personnel experienced considerable 
difficulty when using the same equipment to batch and install 
HRWR concrete in similar installations. Obviously, the primary 
cause of the problems was slump loss and a failure on the part of 
the personnel involved to properly deal with the high rate of 
slump loss. In installations where the concrete could be batched 
and placed in a short time, slump loss was not a problem. The 
simplest of equipment, such as a wooden straightedge, could be 
used to screed the concrete when the screeding was done while the 
concrete was workable. On the other hand, it was difficult to 
achieve adequate consolidation and a satisfactory finish with a vibrating screed when the screeding was done after the concrete 
had lost most of its slump. 

Secondary problems with mixing, bleeding, and segregation 
resulted from unsatisfactory attempts to deal with slump loss. It 
probably is not reasonable to expect to get a uniform, reproducible 
concrete of acceptable plastic characteristics when an HRWR admix- 
ture is added to a ready-mix truck containing poorly mixed concrete 
having a slump of zero. 

Pr,.op_erties and Performance of the Hardened Concrete Specimens 

C.y i ind e r. S t.r. e nst.h •. 

Standard 6 in. x 12 in. specimens made from random samples of 
the concretes were tested in accordance with ASTM C39. As indicated 
by Table A-5, the HRWR concrete attained significantly higher early 
and 28-day strengths than the concrete without the admixture, but 
also exhibited the largest variation in strength between cylinders. 

Fr.eezing.. add., T.hawin_•_.,Test s 

Standard 3 in. x 4 in. x 16 in. freeze-thaw beams made from 
random samples of the concrete were subjected to 300 cycles of 
freezing and thawing in accordance with ASTM C666 Procedure A, 
modified by using 2% NaCI-by weight in the water, and the results 
are shown in Table A-6. Prior to testing, the beams were field- 
cured or moist-cured as indicated in Table A-6. Beams cured in 
a similar manner are grouped together. The results of tests on 
three sets of A4 concrete beams made in the laboratory are included 
in Table A-6 for comparison. 
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Table A-5 

Cylinder Strengths, psi 

3..Day ( a ) 

!,n.stal!at,.iqn • .Std. De v. 
1.4-Day 

• S,td... Day,. 
28-Day 

Av g. S t d....Dev. 

R-29 5100 

B602 3460 160 5880 650 7020 830 

B603 2240 650 8080 170 8910 410 

185-A 7960 290 

185-B 4680 600 6290 450 

B604 2530 170 4210 160 5990 280 

185-C 5610 260 

B639 3200 3690 250 

(a) 
Field-cured specimens. 
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From the table it is apparent that, on the average, most 
of the field specimens performed satisfactorily with respect to 
surface rating and weight loss. A few of the HRWR specimens 
scaled severely and lost a considerable amount of weight, but 
most others performed as well as the conventional concrete speci- 
mens with respect to scaling and weight loss. The durability 
factors were significantly lowe• for the HRWR concrete. Low durabilit• •actors for this type concrete have been reported 
by Tynes. A 4) 

It appears that the durability factors were influenced by 
the curing method and the curing period, with the lowest values 
being found for moist-cured beams tested 2 weeks after batching. 
But regardless of the curing method and curing period, in no 

case was the durability factor better for the HRWR concrete than 
for the conventional concrete when both were cured in like manner. 
Assuming the conventional A4 concrete specimens have a durability 
of I00, Table A-6 clearly shows the low relative durability factors 
for the similarly cured HRWR specimens. It is anticipated that the 
results in Table A-6 are representative of the relative freeze-thaw 
performance to be expected of the concretes in the study structures. 
However, despite the low durability factors, the HRWR concrete 
decks are in excellent condition after 4 years of service life. 
Periodic evaluations of these structures would be desirable to 
shed some light on the relationship between freeze-thaw performance 
in the field and performance based on the ASTM C666 freeze-thaw 
test. 

Petrographic Examinations 

Petrographic examinations were conducted to determine the 
quantity, size, and spacing of voids in 4-in. diameter cores re- 
moved from the overlays and in 6 in. x 12 in.. cylindrical specimens 
made from random samples of the study concretes. The voids data 
are shown in Table A-7. 

From Table A-7 it can be seen that there is agreement, within 
the range of I standard deviation, between the average of the meas- 
ured air contents and the average of the total void contents of 
the cores and the 6 in. x 12 in. specimens for all the concretes 
except the mixture pumped into place on 185-A. Thus, it is reasonable 
to assume that, on the average, the HRWR concrete was properly 
batched and consolidated. However, because the magnitudes of the 
standard deviations are much greater for the HRWR concrete than 
for the conventional concrete, it is apparent that more than 50% 
of the HRWR concrete was either inadequately consolidated or ex- 
tremely over or under entrained.with air. The void data for the cores 
suggest that, in general, the concrete in B602 has a low entrained 
air content, the concrete in B603 has a high entrapped air content, 
and the concrete in 185-A has a high entrained air content. Note 
the marked increase in the entrained air content of the cores as 
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compared to the specimens for 185-A. The specimens were prepared 
from concrete which was not pumped and therefore it appears that 
the agitation provided by the pumping operation increased the 
air content. The high entrained air contents may have been caused 
by the combined entraining effect of the air-entraining admixture 
and the HRWR admixture. The low entrained air contents were prob- 
ably caused by a loss of air during the highly fluid state and 
during the mixing and the placing of the concrete. The relatively 
high fine aggregate content specified for B603 likely hindered 
consolidation efforts and resulted in a high entrapped air content. 

Air Void SPacing Factor 

An air void spacing factor, [, of 0.008 in. or less has hereto- 
fore been considered needed for satis[.ac_t.ory freeze-thaw durability 
in conventional bridge deck concrete.•A]5 Values of [ were cal- 
culated for the study concretes and are reported in Table A-8. From 
the table it can be seen that there is good agreement between the [ 
values as determined from the cores and those as determined from 
the 6 in. x 12 in. specimens made of fresh concrete. The greatest 
difference is associated with the HRWR concrete, with the higher 
values for the cores probably reflecting a problem with consolida- 
tion. 

Satisfactory snacine factors were obtained for the conventional 
o•erlay concretes. Values of • for the HRWR overlays were about 
twice as large on the average as for the conventional concrete. The 
large values of [ are associated with low air contents and low 
specific surfaces. The air content of some of the HRWR concrete 
was lower than specified, but sufficiently high to provide a satis- 
factory [ in conventional concrete. Unfortunately, some specimens 
of HRWR concrete which had the specified air content also failed 
the freeze-thaw test. Petrographic examinations indicated that, 
in general, the entrained voids were larger in the HRWR concrete 
than in conventional concrete. The large diameter of the entrained 
voids provided the poor air void distribution that was probably 
responsible for the poor freeze-thaw durability. 
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Installation 

Table A-8 

Air Void Spacing Factors, in. 

Cores AV'g. Std• D'e•. •F ield Specimens 
Avg_. Std. Dev. 

R-44 0.0091 
R-29 0.0134 
B616 0.0205 0.0087 
B602 0. 0134 0. 0039 O. 0102 0. 0031 
B603 0. 0110 0. 0043 0. 0098 0. 0020 
18 5-A O. 0063 0. 0028 0. 0122 0. 0012 
185-B 0. 0217 0.0039 0. 0142 O. 0004 
B604 0.0075 0. 0004 0.0079 0. 0024 
B639 0.0047 0.0020 

Discussion of Field Installations 

The rapid slump loss associated with HRWR concrete is an 
extablished phenomenon. (A-6) Data recorded during the field in- 
stallations in Virginia clearly i.ndicate that the workability of 
the HRWR concrete decreased by about 50% in 15 to 20 minutes. If 
conventional equipment is to be used with HRWR concrete, the place- 
ment operations must be completed before the workability of the 
concrete falls below 2 in. A batch of concrete having an initial 
slump of 4 in. must be consolidated and screeded within a 15 to 20 
minute interval immediately following this initial slump measure- 
ment. Likewise, a batch having an initial slump of 8 in. must be 
screeded within 30 to 40 minutes. 

It is believed that HRWR concrete can be satisfactorily placed 
by properly coordinating the batch size to the site conditions, the 
construction personnel and equipment, the geo•metry of the form, and 
the consistency of the mix. Batches of 8 yd.O or more could probably 
be properly placed in the forms for bridge beams or similar structural 
members having a low surface area to volume ratio in 15 to 20 minutes. 
On the other hand, data collected on numerous conventional bridge 
deck installations in Virginia show that the installation time is 
a function of screed span, and that on typical bridges only about 
! = 

• 
to 3. 5 yd. 3 

can be placed, consolidated, and screeded in 15 
minutes (see Figure A-2). Additional HRWR admixture must be added 
periodically to larger size batches to maintain a satisfactory 
consistency. Because of the rapidly changing consistency of the 
HRWR concrete and the problems associated with adding additional 
admixture to a large batch, conventional field acceptance practices 
are often impractical. For example,, slump and air content determina- 
tions made at the beginning of the discharge are not representative 
of the plastic properties of the concrete at the end of the discharge. 
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Although it has been reported that with experience a con- 
tractor can properly install HRWR concrete in deck overlays, (A-7) 
the experience in Virginia indicates that it is extremely difficult 
for the average contractor, when using conventional equipment, to 
consistently i•stall durable HRWR concrete in flatwork such as a 
bridge deck overlay where the •plastic concrete is typically sub- 
jected to long haul distances and prolonged installation time, 
and where a majority of the concrete is readily exposed to fluc- 
tuations in wind velocity, humidity, and temperature. The po- 
tential for poor consolidation, poor finish, and poor freeze-thaw 
performance tends to offset the benefits that could be achieved 
from higher strength and reduced permeability. It is felt at •this 
time that HRWR concrete is best suited for special applications 
that can be carefully supervised.(A-8) 

Ways to minimize slump loss have been cited in the literature. 
For example, Hewlett has indicated that slu.mp loss is greatest when 
a medium dosage of HRWR admixture is used.(A-9) A medium dosage 
was used in Virginia. Kasami has reported that the initial slump 
is greatest when the HRWR admixture is added 15 to 60 minute• 
after the initial mixing of the concrete.(A-10) Although in Vir- 
ginia subsequent dosages were added 15 or more minutes later, the 
first dosage was usually added within 2 minutes after the initial 
mixing. Mailvaganam has reported that slump loss is less when a 
hydroxcarboxylic acid retarder is used in combination with an 
HRWR admixture. (A-II) No type B or D retarders were used in the 
HRWR concrete placed in Virginia. The implementation of the above 
suggestions may have minimized the placement problems encountered. 

P,r, eliminar, Y ,,C°..ng,,l,usi.°ns ,,f.r, gm Fie!,d• Eva.,!uat.i °ns 
On the average, the HRWR concrete placed in Virginia was ade- 

quately batched and consolidated using conventional equipment. Also, 
compression test specimens provided extremely high early and 28-day 
strengths. However, because of the variability of the concrete, 
portions of the overlays exhibited inadequate consolidation, segre- 
gation, improperly entrained air, shrinkage cracks, and poor finishes. 
Furthermore, freeze-thaw specimens provided low durability factors 
because of an unsatisfactory air void system. 

The rapid slump loss associated with HRWR concrete can.be 
accommodated by anticipating the amount of slump loss and properly 
matching the batch size to the placement rate and by adding the 
HRWR admixture immediately prior to discharging the concrete. For 
the rate of slump loss experienced in Virginia, it is believed that 
quality control can be maintained by specifying a batch size equal 
to the quantity of concrete that can be batched, pl•ced, and finished 
in a 20-minute interval. Mixture proportions should be specified 
to provide a slump of approximately.2 in. or more prior to the addi- 
tion of the HRWR admixture, if the fluctuations in gradation and 
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moisture content are to be detected by the slump cone and 
accommodated by adjusting the dosage of the admixture. Also 
the field data suggest that the concrete should be used with 
caution where freeze-thaw durability is extremely important. 
Unfor.tunately, the field data were useful only in identifying 
problem areas, because the multitude of variables that affect 
field data al•lowed only g•eneral conclusions to be drawn. Further 
research was needed to explain the problems to allow for further 
review of the literature, and to aid in the development of guide- 
lines for batching, placing, and accepting HRWR concrete. 
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APPENDIX B 

LABORATORY RESEARCH 

The laboratory work was directed at gaining an insight into 
the problems that had occurred in the field and arriving at rea- 
sonable solutions to them. For example, because many of the 
specimens prepared in the field had failed the freeze-thaw test, 
additional information was needed on the freeze-thaw durability 
of HRWR concrete. It had been noted that the cores and specimens 
of the field concrete contained many coarse voids and exhibited 
high spacing factors, and these suggested that all the specimens 
should have failed the freeze-thaw test. Accordingly, more in- 
formation was needed on the relationship between the freeze-thaw 
durability and the void characteristics of the HRWR concrete. 
Slump loss also had been a major problem and it was hoped that 
the laboratory work would result in the development of ways to 
reduce the rate of slump loss. When some people suggested that 
the problem with slump loss had been caused by an incompatibility 
between the cement and the admixture, it was decided to use 3 
cements and 6 brands of HRWR admixtures in the laboratory work. 
One of the cements was a type I because some of the manufacturers 
of the HRWR admixtures believed that the problems in Virginia had 
resulted from the use of type II cement. Also, two type D water- 
reducing admixtures were used in combination with some of the 
HRWR admixtures in an effort to reduce the dosage of HRWR admixture 
required, because it had been suggested that at lower dosages 
slump loss would be less, and the void characteri%tics and freeze- 
thaw durability would be better. On the other hand, some people 
believed that problems with compatibility could result from com- 
bining the various admixtures. Finally, it was hoped that some of 
--the bleeding and segregation which had occurred in the field could 
be reproduced in the laboratory so that the underlying causes could 
be determined. 

Cements 

Materials 

Three lots of cement were used in the concrete mixtures pre- pared in the laboratory. Lot II A, a type. II cement, was obtained 
from Lone Star. Industries in July 1977; lot I B, a type I cement, 
was obtained from the same source in February 1979; and lot !I C, 
a type i! cement, was obtained from Lehigh in August 1978. The 
chemical and physical characteristics of the cements are shown in 
Table B-I. Approximately 70% of the batches were prepared with 
cement II A, 20% with II C, and 10% with I B. There does not appear 
to be much difference between the cements, and the type I and •type 
II obtained from Lone Star are probably more similar than the two 



Table B-I 

Chemical and Physical Characteristics of Cements 

Cement_ Ty•p@. I! A I! .,C. I___B 

Si02 21.3 21.9 

AI203 4.4 3.9 

Fe203 4.3 3.2 

20.9 

CaO 63.7 60.6 62.9 

Mg0 3.0 3.1 4.0 

S03 2.7 3.4 

Insoluble residue 0.08 0.52 0.21 

Ignition loss 0.5 1.4 1.2 

Alkalies (as Na 20)% 0.73 0.60 

C3S % 54.0 39.8 

C2S % 20.3 32.8 

C3A % 4.0 4.9 

C4AF % 13.1 9.7 

Fineness (Blaine) 3646 4100 

type Ii cements obtained from Lone Star and Lehigh. 
is the finest, has the lowest alkali content and the 
S0 

3 content. Cement IB has the highest C3A content. 

0.76 

49.8 

22.4 

10.3 

3560 

Cement II C 
highest 

F.,.i. ne ,.Aggr, e.ga•e 
Natural siliceous sand obtained from Lone Star 

Inc. was used in the study. Although two lots were 
Kingiands Reach and one from Willis Road, they were 
characteristics and performance. The properties of 
were as follows" 

Industries, 
used, one from 
similar in 
the sand s 



Specific .gravity 
Absorption 
Fineness modulus 

Percent voids 

2.62 

0.7% to 0.9% 

2.7 to 2.8 

48.8 51.0 

Coarse Aggr eg ,a,,t•e 

The coarse aggregate was a siliceous gneiss obtained from the 
Martin Marietta Plant at Red Hill, Virginia. The aggregate has a specific gravity of 2.78 and an absorption of 0.6%. It was 
screened so as to provide a i/2-in, maximum nominal size, 50% re- 
tained on the 3/8-in. screen, and 50% retained on the no. 4 screen. 

Admixtures 

Six brands of HRWR admixtures were used. A majority of the 
concrete mixtures were prepared with two naphthalene sulfonate 
polymer admixtures, Mighty !50 and Sikament, and one melamine 
sulfonate polymer admixture, Melment LI0. A limited number of 
mixes were prepared with WRDA-19 and FX-34, both naphthalene 
sulfonate polymer admixtures, and Mighty RD2, a retarding version 
of Mighty 150. The admixtures are described in Table B-2. 

In addition to the HRWR admixtures, two type D water-reducing 
retarders, Plastimate, a salt of hydroxylated carboxylic acid manu- 
factured by the Sika Chemical Company, and Pozzolith 122-R, a 
hydroxylated polymer manufactured by Master Builders, were used in 
some of the concrete mixtures, at dosages of 17.5 oz./yd, and 29.5 
oz./yd., respectively. 

The AEA was a neutralized vinsol resin manufactured by Protex 
Industries, with the exception that at the request of the manufacturer 
Daravair, another neutralized vinsol resin, was used in the batches 
containing WRDA-19. 

Tabie B-2 

Properties of Admixtures 

Specific Percent 
Admixture Solids 

Mighty 150 I. 19 42 
S ikament I. 17 40 
Melment LI0 I.i0 20 
WRDA 19 i. 2 33 
FX-34 Powder i00 
Mighty RD2 i. 2 45 



Mixture Propo_rt io_n_s 

The concrete mixtures prepared for the study conformed to 

one of three basic mixture proportions shown in Table B-3, with 
the exception that the control batches containing the type D 
retarders had.a w/c 0.40, which represented• a 7% reduction in 
the w/c. The cement content wa• 658 Ib..•/yd and the coarse 
aggregate content 1,509 lb./yd. The mixture proportions differ 
in that the sand content was adjusted upward as the water content 
was decreased. Typically, the slump was 2 in. to • in. and 
the air content was 5% to 9% immediately following completion 
of the mixing of the concrete. Typically, three duplicate batches 
were prepared to evaluate each combination of .admixtures and 
mixture proportions. 

Table B-3 

Mixture Proportions 

w/c Water reduction, 
percent 

Fine aggregate content, 
lb./yd. 3 

0.43 0 1,416 
0.38 12 1,503 
0.34 21 1,572 

Mixing. Procedures 

3 
All concretes were mixed in a 2-ft. capacity open pan-type 

mixer. The majority of the mixtures were prepared using the follow- 
ing procedure, which is here designated procedure A. 

i. Add cement and fine aggregate and mix 
i/2 minute. 

2. Add water and AEA (and retarder) and 
mix I minute. 

3. Add coarse aggregate and mix 3 minutes. 

4. Wait 3 minutes. 

5. Add HRWR and .mix 3 minutes. 



Since it is usually necessary, because of slump loss, to add 
the HRWR admixture at the job site just prior to discharge, a 
number of batches were prepared using a modified version of proce- 
dure A here designated procedure A-I. This mixing-procedure-was 
developed to simulate a field condition in which a ready-mix truck 
is travelling to a job site, and differs from procedure A in that 
step 4 lasts 30 minutes rather than 3. 

A number of batches were also prepared using a third proce- 
dure, d•signated B, which differs from procedure A in that the 
HRWR is added in step 3 rather than step 5 after mixing the CA 
for I minute, and the AEA is added at the beginning of step 5 
rather than step 2. It was hoped that procedure B might produce 
a better air void system than could be achieved with procedures 
A and A-I. 

Proper, ti,e,s,, o,,f, ,.the,, pl,,astic,, Concret.,e,. 
Immediately following completion of the mixing of the con- 

crete, three portions of the mixture were removed from the mixer 
and checked for slump, air content, unit weight, and temperature. 
Once the tests were complete, which usually required approximately 
5 minutes, part of the concrete used in the tests was returned to 
the mixer and blended with the remaining concrete by turning the 
mi•'er several revolutions. Specimens were immediately prepared 
and usually consisted of the following" three 6 in. x 12 in. and 
three 3 in. x 6 in. cylindrical specimens for compression tests; 
one 3 in. x 3 in. x Ii• in. specimen used to measure drying shrink- 
age and absorption; and five 3 in. x 4 in. x 16 in. specimens, two 
for freeze-thaw tests, and three for flexural tests, one of which 
was later cut and polished and subjected to petrographic examina- 
tion. More often than not following fabrication of the specimens, 
which usually required approximately 15 minutes, the remaining 
portion of the concrete was tested for slump, unit weight, and air 
content. The slump and air content were usually determined prior 
to preparing the specimens and again after the specimens were pre- 
pared to provide an indication of the loss in slump and air. The 
results of the slump and air content determinations are shown in 
Tables B-4 and B-5. The majority of the data are based on the 
average of three duplicate batches of concrete. 

The percentage change in slump .and air con•tent shown in these 
tables are based on an assumed linear relationship between these 
characteristics and time, and they were computed from the measure- 
ments made before and after the specimens were prepared. Although 
the relationships between these characteristics and time are not 
necessarily linear, they are reasonably linear in the interval 
defined-by 20 minutes 5 minutes, which accounts for the majority 
of the measurements. Specifically, the percentage change .in 
slump (air) in 20 minutes is 

zoo [ z- 
final s!.u.m.p (air) ] 20 

init'ial slump ('air) •tt " 





oo o 
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TabLe B- 5 

Pla•tlc Propertl•s of Control Concrete 

Percen• Percent 
Slump, in. Slump Air Content P•rcen• 

Cement Type D Before •A•-te• Los• in •ef0•e --•f•er Air Loss 
Mix No. t'yp• Admix. Spec. Spec. 20 Min. Spec. Spec. In 20 Mln. 

Cl l[ A 2.4 2.1 14 6.7 5.9 8 
C2 II C 2.0 6.1 
C3 ii A Plast[ma•e 1.5 6.4 
C4 II A 122-R 1.5 7.0 

It is obvious from Table B-4 that all of the admixtures, with 
the exception of Mighty RD2,. exhibited a significant loss in slump 
in 20 minutes, typically from 20% to 35%. in Table B-4, the aver- 
age slump losses in 20 minutes for the batches with different w/c 
values were- w/c = 0.34 27%, w/c 0.38 29%, and w/c = 0.43 
21%. By comparison that for control concrete shown in Table B-5 
was only 14%. Therefore, it can be concluded that, on the average, 
the HRWR concrete lost slump about twice as fast as the control 
concrete. Also, it appears from the data in Tables B-4 and B-5 
that the rate of slump loss was somewhat affected by the mixture 
proportions and the combinations of admixtures and cement. 

The average for air losses in 20 minutes, shown in Tables 
B-4 and B-5, were as follows: w/c = 0.34 17%, w/c = 0.38 i•%, and w/c 0.43. 15%. Therefore, it can be concluded that 
the concrete containing the HRWR admixtures also lost air about 
twice as fast as the control concrete shown in Table B-5, which 
exhibitedan 8% loss. 

Figure B-I shows the relationship between slump and time and 
air content and time for HRWR Concretes having a w/c 0.34 and 
prepared by mixing procedure A. There are no major differences 
between the various admixtures with the exception that Mighty RD• 
lost very little slump. The curves in Figure B-I can be used as 
standards for comparing the curves in Figures B-2 through B-4. 

Figure B-2 shows the relationships between slump and air con- 
tent and time for the various admixtures used in combination with 
the. type D water-reducing retarders Plastimate and 122R. In general, 
the addition of the type D. retarders did not significantly affect 
the loss in slump or air, which is unusual considering that the 
retarding version of Mighty 150 exhibits very little slump loss. 
Evidently the type and dosage of the type D admixture were factors. 
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Figure B-I. Slump vs. time and air content vs. 
time for HRWR concrete mixtures. 
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Figure B-3 is a plot of the relationships between slump and 
air content and time .for HRWR concrete prepared by different mix- 
ing procedures. When compared with mixing procedure A, the 
delayed-addition procedure (A-I), seemed to have little effect 
on the initial slump, the rate of slump loss, or the rate of air 
loss. However, the air conte•t following the delayed addition 
of the HRWR admixture was lower, as would be expected due to a 
loss of air prior to the addition of the HRWR admixture. It is 
interesting to note that it is possible to start with sufficient 
air-entraining admixture to have an air content of over 8% if the 
HRWR admixture is added as in procedure A, and have an air con- 
tent approaching only 5% by adding the HRWR admixture 30 
minutes later. 

When compared with mixing procedure A, mixing procedure B, 
in which the air-entraining admixture is added after the HRWR ad- 
mixture, tended to produce concrete with a slightly lower initial 
slump and lower rate of air loss, but in general there were no 
major differences. Evidently, the HRWR admixture is slightly less 
effective when added at the early stages of mixing. 

Figure B-4 shows the relationships between slump and air 
content and time for concrete mixed continuously for I0 minutes 
prior to making each of the s-lump and air content determinations. 
The initial dosage of air-entraining admixture was 25% higher than 
that used for the concretes shown in Tables B-4 and B-5 so that 
higher initial air contents could be achieved. It is obvious from 
Figure B-4 that continuous mixing significantly increases the rate 
of loss in slump and air. In Figure B-4 there is no major differ- 
ence in the rates of loss of slump and air between the HRWR con- 
cretes and the control concretes, whereas in Figure B-I, which 
represents undisturbed samples, loss in the slump and air for the 
HRWR concrete is twice as fast as that of the control concrete. 
It can be theorized that in the undisturbed samples the internal 
agitation (and the increase in the surface area of the cement 
that can be hydrated) provided by the dispersing action of the 
HRWR admixture caused an increase in the loss of slump and air 
over that of the control batches. On the other hand, the agita- 
tion of both types of concretes mechanically was sufficient to 
cause similar losses in slump and air in the control and HRWR con- 
cretes. 

In general, the HRWR concretes used in the field installations 
in Virginia lost slump at twice as fast a rate as did the undis- 
turbed concretes represented in Figure B-I but not quite as fast 
as the continuously mixed concretes represented in Figure B-4. 
One can speculate that the differences in the rates of slump loss 
are due to the differences in the amount of agitation provided by 
the mixers. The ready-mix trucks probably provided less efficient 
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mixing than the pan-type •laboratory mixer but tended to provide 
a broken form of continuous mixing in that the concrete was agitated some each time a cubic foot was discharged from the 
ready-mix truck. The loss in slump also was probably greater 
in the field because there was less control over the moisture 
content of the concrete and because of difficulties in getting 
the admixture dispersed throughout the ready-mix truck. 

Figure B-5 shows some relationships between slump and time 
for Mighty 150 used at three dosages in mixtures having three 
w/c's. Figure B-5 illustrates that, within certain limits, the 
same slump behavior can be produced in mixtures having different 
w/c's by using appropriate dosages of admixture. 

Figure B-6 shows that there is a relationship between the 
rate of slump loss, setting time, and dosage of HRWR admixture. 
The rate of slump loss tends to increase as the dosage of admixture 
is increased, up to a point, and then it tends to decrease. Simi- 
larly, the time to final set tends to decrease up to a similar 
point and then increases as the dosage of HRWR admixture increases. 
It seems that at the dosage of 0.4% to 0.6% solids, which is 
usually recommended by the manufacturers for use in HRWR concrete, 
the time of set is at a minimum, but the slump loss is at a maxi- 
mum. Efforts to reduce slump loss by changing the dosage of 
HRWR admixture can cause delays in set. 

No relationship could be found for the rate of air loss and 
dosage of HRWR admixture. 
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Figure B-5. Slump vs. time for concretes with different 
dosages of Mi50 and different w/c. 
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Set.ting T.ime 
The setting times determined by Proctor penetration, ASTM 

C403 are shown in Tables B-6 and B-7•. Since the purpose of the 
study was to examine the performance of HRWR admixtures used in 
combination with type D admixtures as well as when used alone, 
control batches containing 17.5 oz. plastimate per cubic yard and 
29.5 oz. 122 R were also prepared. When appropriate, the re- 
tardation reported in these tables is based on comparisons with 
control batches containing the same dosage and kind of type D 

admixture. 

To meet the requirements of ASTM C494 for a type F water 
reducer high range, the initial and final sets shall be between 
I hour earlier and 1.5 hours later than for a mixture that does 
not contain the admixture. To meet the requirements for a type G 
water reducer high range retarding, the concrete must reach initial 
set between i hour and 3.5 hours later and final set no more than 
3.5 hours later. 

Based on the data shown in Tables B-6 and B-7, most of the 
admixtures tested satisfied the time of set requirements for a 
type F admixture as specified by ASTM C494. Exceptions were the 
Sikament and Mighty RD2. Mighty 150 also failed when used with 
mix procedure A-I, which requires the delayed addition of HRWR. 
All three HRWR admixtures Mighty 150, Melment, and Sikament 
failed the type F requirements but passed the type G requirements 
when used in combination with plastimate and 122 R with the ex- 
c.eption that Sikament failed when used with 122 R. Unfortunately, 
no control batches were prepared with cement IB, the type I cement, 
so the retardation could not be determined. However, the results 
with the type I cement are reported so that they might be compared 
with the batches containing the type !i cements. %n general, there 
appears to be little difference in setting time between the type I 
cement and the type II cement IIA. However, it should be noted 
that in general a higher dosage of HRWR admixture was used in the 
batches containing type I cement. 

The data suggest that the melamine admixtures as represented 
by Me!ment had the greatest accelerating effect on set and that the 
naphathalene admixtures either had little effect or tended .to re- 
tard set. The setting time seemed to increase as the w/c in- 
creased, as was demonstrated by all three admixtures Mighty 150, 
Melment, and WRDA-19 tested at three w/c's. The use of mix 
procedure A-I with Mighty 150 retarded the set, which was expected 
since the accelerating effect of the admixture enters the hydration 
process at a later time. The use of mix procedure B with Melment 
had little effect on setting time, which also would be expected 
since with both procedure A and procedure B the AEA and the HRWR 
admixture were added within several minutes of each other and 
within several minutes of the time-tqne water was added to the 
cement. 
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Tabte •... 7 

Cement Type D 
.M.ix No. Type Water .Reducer [ni•ial_ ? inai !hi= ial F i.%a! 

C1 II A 4.7 6.2 Control 
C2 II C 4.0 5.5 Com=rol 

C3 I! A Pias•Ima•e 6.1 7.a !.4 1.6 

C& iI A 122-R 7.5 9.0 2.8 2.8 

•Dr[ing S.hr.inkage 

One specimen 3 in. x 3 in. x ii% in. was prepared from each 
batch of concrete for determining the drying shrinkage as pre- 
scribed by ASTM C157. The specimens were moist cured for 2 weeks 
and air dried for the third and fourth weeks after batching. The 
change in length of the specimens during the four-week period is 
a measure of the drying shrinkage. The !engt_h change expressed 
as a percentage of the original lengths are shown in Tables B-8 
and B-9. ASTM C494 requires that when the length change of the 
specimens made from the control concrete is less than 0.030%, 
the specimens made from the concrete containing the admixture 
should not decrease in length more than 0.010%. more than the 
control. As can be seen from the data in Tables B-8 and B-•, 
all of the specimens prepared with the type II cements satisfied 
the requirements of ASTM C494. Also, the shrinkage of the speci- 
mens prepared with the type I cement, for which no control batches 
were prepared, was similar to that of the specimens prepared with 
the type II cements. Also, based on the limited data available, 
the mixing procedure appeared to have no effect on drying shrinkage. 
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Mix No. 

Tab le B-9 

28-Day Drying Shrinkage for Control Concretes 

Percent 
Cement Type D Length Change 
Type Water Reducer at 28 Days 

CI II A None 0.020 
C2 II C None 0.028 
C3 II A Plastimate 0.029 
C4 II A 122-R 0.020 

Bl, e,,,eding Cha•,ac,,t,,e,r,istics,, 
In the early stages of the project, samples were prepared 

from several batches of the concretes containing Mighty 150 to 
determine their bleeding characteristics in accordance with ASTM 
C232. Because the concretes were air-entrained and because the 
w/c's were low, no measurable amount of bleed water could be ob- 
tained from the samples. Therefore, it was concluded that for the 
mixture proportions used in the project bleeding was not a problem, 
and further efforts to measure bleed water were discontinued. 

Co,,mpr, essiy,•e ,,and Flexural, ,,,Strength, 
Figures B-7 through B-10 show the relationships between 

compressive strength and flexural strength and age for the majority 
of the concrete mixtures. Most of the data points are based on the 
average of the strengths of three specimens, one from each of three 
duplicate batches of concrete. The cylinders for compressive 
strength tests were prepared and tested in accordance with ASTM C39. 
Approximately one-half were the standard 6 in. x 12 in. size and, 
for convenience, the other half were 3 in. x 6 in. The f!exurai 
strength specimens were prepared and tested in accordance with 
ASTM C78 and were 3 in. x 4 in. x 16 in. Unless otherwise noted, 
the concrete mixtures from which the specimens were prepared had a 
cement content of 658 lb./yd.3, 

a slump of from 2 in. to 5 in., and 
an air content of from 5% to 9% in the plastic state. 

Figure B-7 shows the relationship between compressive strength 
and flexural strength and age for specimens prepared from concretes 
having different w/c's. Figure B-7 confirms the generally accepted 
principle that as the w/c decreases, the strength of the.concrete 
increases. It can be seen from this figure that none of the HRWR 
admixtures offered any significant advantages over the others from 
the standpoint of strength. 
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It also can be seen from Figure B-7 that, on the average, 
when the HRWR admixtures were added to concrete without changing 
the w/c the strength was the same as for the control concrete 
that contained no water-reducing admixture. For this application, 
the admixtures were being used as plasticizers rather than water 
reducers; therefore, as would be expected, the admixtures did not 
satisfy the compressive and flexural strength requirements speci- 
fied by ASTM C494. On the other hand, when the admixtures were 
added so as to produce a workable mixture having 12% less water 
than the control mix, the compressive strengths increased approxi- 
mately 20% and the flexural strengths approximately 6% at 3 days. 
To satisfy the requirements of ASTM C494 for a type F admixture, 
compressive strengths must be 25% higher at 3 days and flexural 
strengths must be 10% higher. At the 12% minimum water reduction 
allowed by ASTM C494 to qualify type F and type G water reducers, 
it is obvious that many of the batches did not meet the strength 
requirements, particularly at early ages. But it is obvious that 
at slightly greater water reductions the admixtures would meet 
the requirements. 

Figure B-7 shows that when the admixtures were added so as 
to produce a workable mixture having 21% less water than the 
control mixture, the compressive strength increased approximately 
90% at i day and 50% at 3 days, and the flexural strength increased 
approximately 32% at 3 days. When the admixtures were used to pro- 
vide a 21% water reduction, all the admixtures far exceeded the 
strength requirements of ASTM C494. 

The data shown in Figure B-7 agree in pattern with the data 
presented by others, and they support the hypothesis that the 
strength of concrete containing HRWR admixtures at 28 days and 
later is a function of the w/c. The strength of the HRWR concrete 
relative to the control concrete is usually greatest at early ages, 
probably because the cement particles are dispersed by the admix- 
tures and therefore are more quickly hydrated. (B-I) Evidently, 
when the admixtures were used to provide only a 12% water reduction, 
the dosage was too low to fully disperse all the cement particles 
and consequently there was some difficulty in meeting the early 
strength requirements of C494. 

Figure B-8 shows the relationship between compressive strength 
and f!exural strength and age for concretes containing 3 other HRWR 
admixtures and having a w/c of 0.34 The strength behavior of the 
concretes prepared with these HRWR admixtures was not noticeably 
different from the behavior of the concretes having a w/c of 0.34 
and shown in Figure B-7. Of particular interest, however, is the 
fact that the concrete prepared with Mighty RD2 did not reach final 
set for 27 hours, so that no 1-day strengths could be determined, 
but the strengths at 3 days and later were not significantly differ- 
ent from those of the other concretes. Because of •the delayed set, 
batches containing Mighty RD2 did not meet the 1-day strength re- 
quirements for a type G water reducer as specified by ASTM C494. 
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Also of interest in Figure B-8 is the fact that the strength 
behavior of the concrete prepared with the FX-34 admixture, which 
was added to the concrete mixture in powder form, was not signifi- 
cnat!y different from that of concretes containing the other liquid 
admixtures. Also of interest, Sikament was used with both type I 
and type II cements but, unfortunately, the average air content 
of• the batches prepared with the •type I cement was ]•0.6%, which 
was 3.5% higher than thos.e for the batches containing type II 
cement. Taking the difference in air content into account, it 
can be seen that the strengths of the concretes containing $ikament 
was as would be expected for the two types of cement. 

Figure B-9 shows the relationships between compressive strength 
and flexural strength and age for specimens prepared from concrete 
having a w/c of 0.34 and containing one of three HRWR admixtures 
and one of two type D water-reducing retarding admixtures. Although 
the strengths at I day and 3 days may have been marginally less for 
the concretes containing the type D admixtures, as compared to those 
that didn't, the strengths at later ages were essentially the same 
for all the specimens. It's reasonable to say that at 7 days and 
older, no significant benefit, from the standpoint of strength, was 
derived from using any one of the HRWR admixtures or combinations 
of HRWR admixtures and type D admixtures tested. Batches prepared 
with all HRWR admixtures and combinations of HRWR admixtures and 
type D admixtures exhibited both flexural and compressive strengths 
far exceeding the requirements of ASTM C494. 

Figure B-10 shows the effect of the delayed addition of the 
HRWR admixture (mix procedure A-I), the effect of adding the AEA 
last (mix procedure B), and the effect of slump on the compressive 
and flexural strengths of HRWR concrete having a w/c of 0.34 and 
containing M 150 and Melment. It can be seen that there was no 
difference in compressive strength that could be attributed to 
the delayed addition of the M 150 or to adding the AEA last when 
using Mighty 150 and Melment. Also, there was no basic difference 
between strengths of concrete having a slump of from 2 to 5 in. 
and that with a slump of from 5 to 7 in., but the strength appeared 
to be less for concrete having a slump greater than 7 in. For the 
batches prepared with a slump greater than 7 inches, the 3-, 7-, 
and 28-day compressive strengths were relatively low but higher 
than required by ASTM C494, but the flexural strengths at these 
ages were lower than required. It is believed that the lower 
strength at the high slump was due to some type of segregation 
that occurred during the. preparation of the specimens or to the 
presence of water in the mixture that was not anticipated. Re- 
gardless of the reason, it is .recommended that to maintain optimum 
strength, slumps be held to 7 in. or less. 
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Ab..so, r, Pti0n 
To quantify the relationship between w/c and absorption in 

HRWR concrete, one 3 in. x 3 in. x ii in. specimen from each of 
81 batches was placed in a water bath for 60 days. The weights 
of the specimens were recorded at intervals of i day, 2 weeks, 
I month, and 2 months. Following the 60 days of soak, the speci 
mens were oven-dried. Fifty-two of the specimens were prepared 
from concretes containing one of five brands of naphthalene 
sulphonated polymer admixtures, 18 were prepared from a concrete 
containing a melamine sulphonated polymer admixture, and ii did 
not contain an SWR admixture. Table B-10 shows the average re- 
lations between w/c and absorption based on the linear regression 
of the data for specimens prepared with each of the HRWR admixtures 
and without any admixtures at the 1-day and 60-day soak periods. 

Tab le B-10 

Average Relationship Between w/c and Absorption 
Based on Linear Regression 

Days in Admixture No. of Absorpti0D._a.t Llndi.¢,a.ted w/¢ 
Soak Type Specimens 0'34 0.3__8 ,0.4_3 

i ii 3.72 
i Melmen t 18 2.77 3 .ii 3.53 
I All Naphthalene 52 2.57 3.14 3.85 

60 ii 4.28 
60 Mighty 150 17 3.03 3.61 4.33 
60 Melment 18 3.20 3.60 4. I0 
60 S ikamen t 18 2.92 
60 WRDA-I 9 9 3.66 4. Ii 4.68 
60 Mighty RD2 3 2.84 4.34 
60 FX-34 5 2.79 3.36 
60 All Naphthalene 52 3.02 3.63 4.39 

It is obvious from Table B-10 that, on the average, the 
lower the w/c the lower the absorption of the concrete. Differ- 
ences•between concretes prepared at the same w/c with different 
admixtures are believed to be related to the effect of the ad- 
mixtures on the properties of the plastic concretes and .the corres- 
ponding effect on consolidation. Unfortunately, the 95% confidence 
band width for the 60-day-soak data was wide, 1.62%. Therefore, it 
would be difficult to accurately predict a w/c in the range of 0.34 
to 0.43 based on the results of soak tests. 
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F.ree.ze-Thaw .D.u.r..ab ility 
Standard 3 in. x 4 in. x 16 in. freeze-thaw beams were pre- 

pared, moist cured for 2 weeks, and subjected to 300 cycles of 
freezing and thawing in accordance with ASTM C666 Procedure A. 
The specimens were subjected to 8 freeze-thaw cycles a day, which 
allows completion of the test in 6 weeks. The specimens were eval- 
uated periodically •throughout the 300-cycle test with respect to 
surface rating (ASTM 672), weight loss, and dynamic modulus. 
Experience has indicated that good performance can be expected •when 
the surface rating, an indication of scaling, is less than 3, the 
weight loss less than 7%, and the durability factor (DF), which is 
an indicator of internal cracking, greater than 60%. ASTM C494 
simply requires that the DF of the test concrete be at least 80% 
that of the control concrete. 

Clearly the freeze-thaw durability of concretes containing 
HRWR admixtures is one of the most interesting and most contro- 
versial issues considered in this report. The results of the freeze- 
thaw tests are shown in Tables B-II and B-12. As can be seen from 
the tables, some concretes containing each of the six HRWR admix- 
tures tested passed the freeze-thaw test. Therefore, each of the 
six admixtures can satisfy the freeze-thaw requirements of C494. 
However, of probably greater significance is the fact that con- 
crete containing four of the six HRWR admixtures failed the freeze- 
thaw test. The exceptions were WRDA-19 and Mighty RD2. Therefore, 
it would seem that the use of HRWR admixtures does not guarantee 
that concrete will pass or fail the freeze-thaw test, but rather 
that the physical properties of the concrete that result from the 
use of the admixtures determine whether or not a concrete passes 
or fails. 

In general, the use of mix procedure B and type D admixtures 
i• combination with the HRWR admixtures, did not significantly 
improve the freeze-thaw performance, and the improvements noted 
for Me!ment were Drobablv due to the higher air content. 
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Mix No. 

CI 
C2 
C3 
C4 

Table B-12 

Results of Freeze-Thaw Tests of Control Concretes 

Type D 
Cement Water 
TyRe Reducer 

Surface Weight 
•Rating Loss, % 

80% of 
DF,_ % Control 

II A 0.9 0.4 91 73 
II C 0.9 0.9 85 68. 
II A Plastimate 2.0 1.4 89 71 
II A 122-R 0.4 0.2 98 78 

Air Void Characteristics 

Petrographic examinations were conducted in accordance with 
ASTM C457 (Rosiwal Method) to determine the quantity, size, and 
spacing of voids in the vertically cut faces of 3 in. x 4 in. x 
16 in. flexural specimens prepared alongside the freeze-thaw speci- 
mens. The results of the examinations are shown in Tables B-13 and 
B-14, along with the results of measurements of the air content of 
the plastic concrete made in accordance with ASTM C231 prior to 
preparing the specimens and also, in many cases, after the specimens 
were prepared. 

Until recently it was generally accepted that concrete must 
have an air void spacing factor (•) of 0.008 in. or less to pass 
a freeze-thaw test conducted in accordance with ASTM C666 Procedure 
A. Although many still support this requirement, the results of 
recent tests conducted by others suggest that HRWR concrete with 
a higher •, one in the neighborhood of 0.010 in., can pass various 
freeze-thaw tests. Of course, the large volume of recent evidence 
indicates that HRWR concrete with a higher • can pass a less severe 
freeze-thaw test such as procedure B of ASTM C666 or a modified 
version of Procedure A such as conducted by the Portland Cement 
Association in which the rate of freezing and thawing is only 2 
cycles a day rather than the 6 to 12 cycles a day required by 
.ASTM C666. It is obvious from Table B-13 that the HRWR concrete 
prepared for this study typically exhibited an • between 0.008 
and 0. 014 in. 

A plot of the relationship between the durability factor and 
the spacing factor for 67 batches of HRWR concrete is shown in 
Figure B-II. The •curve of best fit is based on a linear regression 
of the data. The curve of best fit indicates that, on the average, 
a DF. of 60 can be achieved with an • of 0.0129 in. Unfortunately, 
the correla%ion coefficient for the data was low (only •0.56 ); 
therefore,at the 95% confidence level a concrete with an [ of 
0.0129 in.. can have a DF. between 0 and !00. A separate regression 
was made on the data obtained for each of the six HRWR admixtures 
but there were no significant differences in the relationships be- 
tween DF and • for any of them. 
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Table B-14 

Air Void Characteristics of Control Concretes 

Type D Plastic Air, _% 
Cement Water Before After Total Specific L, 

M ix, Nq.-. • Red•uc_er Spec. Spec. Voids, % Surface in. 

CI II A 6.7 5.9 5.5 643 0.007 
C2 II C 6.1 6.0 663 0.007 
C3 II A Plastimate 6.4 5.7 670 0.007 
C4 II A 122-R 7.0 6.5 625 0.007 

Another reasonable way to evaluate the data in Figure B-II 
is to ignore the extreme data points, which represent 15% of the 
data, and to consider only those that are concentrated in the 
vicinity of the curve of best fit, as indicated by the dashed area 
in Figure B-II. This evaluation leads to the conclusion that it 
is reasonable to expect acceptable durability when • is less than 
0.0115 in. and it is reasonable to expect unacceptable durability 
when • is greater than 0.0153 in. 

In an effort to determine if some other p_roperty of HWRW 
concrete might correlate with DF better than L, regressions were 
made of the data representing the relationship between DF and the 
air content of the plastic concrete, the void content of the hardened 
concmete, specific surface, dosage of HRWR admixture, w/c, 60-day 
absorption, and slump. A correlation coefficient of 0.62 was 

found for the relationship between DF and the air content based 
on data from 86 batches. This correlation is slightly better 
than the one between DF and •. A correlation coefficient of 
0.39 was found for the •relationshi• between DF and total voids• 
and virtually no correlation was found for the relationships be- 
tween DF and the •other variables. 

A plot of the relationship between DF and the air content is 
shown in Figure B-12. It can be seen from .Figure B-12 that, on 
the average, a DF of 60% can be achieved with an air content of 
6.2%. Individual correlations were made using the data for each 
of the six HWRW admixtures, and there were no significant differ- 
ences in the results. If one ignores the linear regression and 
considers only the data points, it is reasonably safe to conclude 
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that satisfactory freeze-thaw durability can be achieved when 
the air content exceeds 6.5%, and that unacceptable durability 
can be expected when the air content is less than 5.0%. Typical 
bridge deck concretes that do not contain an HRWR admixture can 

pass the freeze-thaw test when the air content exceeds 4.5%. 
Evidently, more air is required in the HRWR concrete because 
the voids are much larger on the average and therefore less 
effective in providing protection against frost. For HRWR con- 
crete the transition between unacceptable and acceptable freeze- 
thaw performance occurs when the air content is between 5% and 
6.5%. 

A linear regression of the relationship between DF and total 
voids (Figure B-13) indicated that, on the average, a DF of 60% 
could be achieved with a total void content of 5.8%. The 95% 
conficence band was about the same width as the band for the 
relationship between DF and air content. The 5.8% total void 
content is 0.4% lower than the 6.2% average air content of plastic 
concrete required to achieve a DF of 60%. It is believed that the 
void content is lower because the air content measurement was usu- 
ally made at least I0 minutes before the petrographic specimens 
were fabricated and during this time the concrete lost some air. 
Also, the petrographic specimens had a larger surface area to 
volume ratio than the sample used for the pressure test, so there 
was a chance for a greater loss of air from the petrographic speci- 
mens than from the samples tested for air content. As was shown 
in Tables B-4 and B-5, typically measurements of the air content 
of plastic concrete made after the specimens were prepared indi- 
cated an air content that was less than the total void content. 

If one ignores the linear regression and considers only the 
data points, it is reasonably safe to conclude that acceptable dura- 
bility will be achieved when the total void content exceeds 6.0%. 
Separate regressions were made with the data for each of the six 
HRWR admixtures and the results were similar to those shown in 
Figure B-13. The relationships between DF and total void content 
are valid only when the consolidation is equivalent to that 
achieved in the laboratory. 

Since it is obvious that for the same air content HRWR con- 
crete typically exhibits a specific surface lower than that of 
the control concrete and a higher •, an effort was made to find 
correlations between the specific surface and other properties 
of the concrete and the spacing factor and other properties. 
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No correlation was found between slump and the spacing factor 
and slump and specific surface. A very poor correlation was 
found between amount of HRWR admixture and the. spacing factor, 
with a tendency for the spacing factor to increase as the dosage 
of HRWR admixture was increased. A better correlation was found 
between the specific surface and dosage of HRWR admixture, with 
a tendency for the specific surface to decrease as the dosage of 
HRWR admixture was increased. The correlation coefficient was 
low, only -0.19 

, 
when a regression was made of the data for 

the 73 batches prepared with all three cements. However, when 
a regression was made of the data for the 54 batches prepared 
with cement IIA, the correlation coefficient increased to -0.•6. 

Although virtually no correlation was found between the spacing 
factor and w/c, even though there was a tendency for the spacing 
factor to increase as the w/c was decreased, it was encouraging to 
find a correlation coefficient of 0.50 for the relationship between 
w/c and the specific surface for the 73 batches prepared with all 
three cements. The correlation coefficient increased to 0.63 when a regression-was made on the data from the 54 batches prepared with 
cement IIA. 

Two pairs of curves are shown in Figure B-14. One shows 
the relationship between the specific surface and w/c for both 
control and HRWR concretes prepared with cement IIA as compared 
to just the HRWR concretes. The other pair shows the relationship 
between the specific surface and w/c for concretes prepared with 
cement IIC as compared to the relationship obtained when Sikament 
was added to these concretes. In both cases the presence of the 
HRWR admixtures caused the curves to rotate clockwise, verifying 
that the specific surface decreases both because of a decrease in 
w/c and because of the presence of an HRWR admixture. Therefore, 
it can be concluded that the low values for specific surface 
typically found for HRWR concrete are caused by the low w/c and 
the presence of the HRWR admixture. Based on the curve of best 
fit for the 54 data points for cement IIA shown in Figure B-14, 
specific surfaces of 618 and 388 respectively, can be expected 
for w/c 0.43 and 0.34. Also, on the average, to obtain specific 
surfaces in excess-of 600 requires a w/c in excess of 0.42. 

It is believed that the relationship between w/c and the 
specific surface shown in Figure B-14 explains why the concrete 
used by the Virginia Department of Highways and Transportation, 
which typically has a w/c between 0.43 and 0.49, typically has a specific surface in the neighborhood of 600 to 800 rather than 
1,000 or more as reported by Mielenz in 1958 as being typical.(B-2) 
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