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HIGH-STRENGTH CONCRETE

SYNOPSIS

In this bulletin, we will discuss methods of design and production of
concrete with ultimate strength of 6,000 - 10,000 psi. In some plants,
these strengths are attained almest routinely, while for others special
materials and considerable care in production and quality control may

be required. This paper is intended to be of practical nature for those
who are concerned with concrete design and control in precast/prestressed
concrete plants. It is meant to supplement the large eamount of material
that has already been published on the same subject. Two recently pub-
lished papers from Modern Concrete are included as excellent references
on high-strength concrete.

The general usage of high-strength, precast concrete is discussed. Follow-
ing this, considerable emphasis is given to the behavior and application
of materials used in high-sfrength concrete.

Methods are presented for optimizing mix designs, ofter which specific
references are made to procedures used at Concrete Technology Corporation
(CTC). Finally, statistical methods for evaluating production consistency
are demonstrated.

APPLICATION OF HIGH-STRENGTH CONCRETE
IN P/S INDUSTRY

High-strength concrete is effective in prestressed concrete members because it
can economically increase the structural performance, especially for longer spans.
Furthermore, concrete with a low water-cement ratio can reduce the amount of volume
change and, consequently, the loss in prestress attributable to shrinkage.

Following are two illustrations of how higher-than~normal strengths can be used in
the prestressed concrete industry to cause further savings:

The design and manufacture of prestressed concrete beams can include longer

spans and wider spacing of girders when high-strength concrete is utilized.

For instance, consider typical AASHO Type IV girders with spans and girder

spacing as shown in Fig. 1. The maximum span capability for girders with

ordinary 6,000 psi concrete is 120 ft., but the same girders con span 140 ft.
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or 155 ft., if 8,000 psi or 10,000 psi high-strength concrete is used. More
details on the benefits of high-strength concrete for segmental construction of
bridge girders will be contsined in the Segmental Beam Construction Manual

soon to be published by PCI.

Benefits from high-strength concrete can also be exploited in prestressed piling.
In the paper, "Ultimate Strength of Prestressed Concrete Piles and Columns, "
by Drs. Anderson and Moustafa {Journal of ACI, August 1970), applications of

interaction diograms were used in examples of prestressed concrete pile design,

The first example yielded two choices of sections which met the criteria for
typical building foundation pile. They were -

8,000 psi.

2. 12-inch square pile, F:: = 6,000 psi.

H

1. 10~inch square pile, f::

The cost of No. 1 is approximately 15 per cent less than No. 2.

In the second example, three choices evolved for o deep foundation pile appli-
cation. They were -

1. 16 1/2-inch octagon pile, = 8,000 psi.

2. 18-inch octagon pile, F:; = 7,000 psi.
6,000 psi.

The use of No. 1 results in a TS5 per cent savings over No. 2, and a 25 per cent

H

3. 20-inch octagon pile, f::

savings over No. 3.

Most pile manufacturers do not have a wide range of form sizes from which to choose,
so high-strength concrete could be used to increase the load camrying capacities of exist~
ing sections.

Sometimes precast and/or prestressed concrete members are too heavy to be used
economically in structures; therefore, thinner sections are needed. In some coses, the
concrete cover over steel reinforcement could be reduced to 1/2 inch when dense con-
crete with o low water-cement ratio is used. Tests at CTA have shown the 1/4 inch of
impermeable concrete cover issuperior to 1 1/2 inches of ordinary, less dense concrete
when exposed to seawater attack., Thus, it may be possible to utilize thinner webs in

beams and more slender columns.

CTA-73-B5



BEHAVIOR AND ANALYSIS OF MATERIALS

Portland Cement

Many of the desired properties of precast, prestressed concrete are most easily

attained with the use of o good quality, high-early strength cement (Type ill). In

some areas, low alkali, Type Il cement is specified becouse of local aggregate or

soil conditions. CTC has been able to get Corps of Engineers approval for use of a

Type H1 cement which satisfies the specifications for Type Il. High quality Type il

cements are simply not ovoilable in some locales because of cement manufacturers'

marketing and/or production conditions.

The precaster should ook for these qualities in Type |1l cement:

1)
2}
3)

4)

3)

High fineness: 5,000 - 6,000 Blaine.
High tricalcium silicate (CBS) content: 60-70 per cent,

Low water demand: usually decreases with decreasing tricalcium aluminate
(C3A) content.

Safeguard against severe false set: final penetration of paoste = 50% or more
of initial penetration.

High 28-day compressive strength of mortar cubes: 7,000 - 8,000 psi.

Some Properties of Concrete AFFeéted by Cement;

1.

High-early strengths. This is primarily determined by the fineness and C3S

content. Fig. 2 compares the early strength gain of a Type Il cement, such
as described in the preceding paragraphs, with the early strength gain of a
normal Type | cement. These results are for concrete cured at elevated tem-

peratures, but the comparison is similar for normally cured concrete.

Accelerated curing of concrete as it affects early strength will be the subject
of a future CTA Bulletin.

Large gains in early strength can be obtained by applying heat in an effective
manner while retaining moisture in the concrete. When forms are stripped
from high strength precast concrete at an early age and drying begins, the
rate of progress of hydration slows. Therefore, high=strength concrete should
be well cured at an eorly age in order to develop its full ultimate strength.
Curing is difficult to renew, becouse capillary pores are discontinuous after
partial hydration, thereby preventing moisture penetration.
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Workability. The type of cement and its physical and chemical characteristics
have considerable influence on the workability of the fresh concrete. Some
Type 11l cements may have sufficient fineness and CSS content to provide high-
early strengths, but may produce a completely unworkable concrete mix.

Lack of workability, when it can be directly attributed to the cement, is
caused primarily by the tendency for some cements to false set or prematurely
stiffen. This problem is initiated by the action of gypsum in the cement. If
the temperature in the cement grinding mill is excessively high, the gypsum
added to the clinker moy dehydrate to plaster of Peris or soluble anhydrite.
This dehydrated gypsum, when it combines with water in the concrete mix,
will set and form o delicate skeleton, so as to simulate the actual setting of

cement.

This phenomenon of premature stiffening is often not evident in concrete delivered

in a transit mix truck because the skeleton formation can be broken down by re-
working the mix. The rapid stiffening is extremely troublesome in precast con-
crete plants, where mixing times are offen short and the concrete is delivered
in a bucket to the forms. The batchman will often increase the water content
of the mix to compensate for the apparent slump loss which, of course, results
in lower strength concrete. Even the added water will not produce concrete

with optimum workability.

Some producers unknowingly operate under the conditions described above.
If the cement manufacturer cannot resolve the problem, it is sometimes possible
to minimize the slump loss by experimenting with admixtures and/or mixing

procedures, This will be discussed further in the "Admixture” section of this

paper.

Similar behavior of the fresh concrete may exist, i.e., lack of workabiiity
or siump loss, even when the cement is not false-setting. Some combinations
of cement and water~reducing admixtures will result in rapid stiffening, even
when retarding, water-reducers are used. This has been known to occur

when the cement is manufactured with anhydrite gypsum.
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The foregoing discussion is intended to emphasize the need for the concrete
producer to know the properties and related manufacturing processes of his

concrete materials,

3. Ultimate Strength. Most comparisons of concrete made with Type [ or Type HI

cement show equal compressive strengths of the age of about one year. These
tests are generally performed on cylinders moist-cured at 73°F. However, a
good quality Type Il cement will develop higher uvltimate concrete strengths

than Type | cement in precast products cured at accelerated temperatures.

Most precast and prestressed concrete which is moist-cured at elevated tem-
peratures is subsequently stored in a drying condition. Concrete made with
Type 11l cement will usually develop o greater percentage of its ultimate
strength during the initia! curing period than will concrete made with Type |
cement. Many factors affect the strength gain after accelerated curing ceases,
such as thickness of the member, type of admixture, relative humidity,

moisture condition of aggregate and concrete density. [t can be generally
stated, though, that most (60~75%) of the ultimate strength is developed in

the first24 hours. -

Admixtures

Water Reducing:

Retarding, water-reducing admixtures (ASTM Type D) are used aimost universally
in our industry today. The economics and benefits of their use are fairly well accepted.
There still remains a great deal of controversy about the behavior and role of these ad-
mixtures in concrete. The optimum performance of admixture and cement is of greatest
concern to the precaster ard fairly extensive and well-controlled testing should be done
to determine the best combination of materials.

The role of gypsum in cement is to retard the tricalcium aluminate (C3A) reaction
in the cement poste. This is the first reaction to take place and occurs very rapidly. If

no gypsum were present, flash set would occur.

There is an optimum amount of gypsum or 503 that will produce the strongest, most

workable concrete without creating excessive expansion. This is determined by the cement
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producer for normal mixing and curing temperatures and often it is too low for conditions
encountered in prestressed concrete plants,

Stronger retardation is needed for finely ground cements, concrete mixed at higher tem-
peratures (hot-weather concrete), or cured at accelerated temperatures and for high cement
content mixes. Most of the common retarding water reducers con be classified into three
categories according to their base material. in some formulations, calcium chloride or
triethanolomine is added to reduce the amount of retardation.

Lignins ~ These are salts of lignosulfonic acids {calcium, sodium, or ammonium) which
are waste products of the paper-making industry. Some of these industries market the
materials themselves; others supply the raw product fo admixture formulators. These
materials entrain air. If the air is undesirable, an air-detraining agent, such as tri-butyl
phosphate can be added.

The lignins are usually mild retarders at o normal dosage of 6 to 8 ounces per sack of
cement. Additional retardation and water reduction can normally be obtained by increasing
the dosage up to twice normal. Although it doesn't appear from tests at Concrete Technology
Corporation that dosages between two and three times normal are harmful to the concrete,
there seems to be no particuler advantage in that high of an addition rate. In some cases,
high dosages of lignins might increase the air content substantially.

Salts of Organic Acids - These are technically hydroxylated corboxylic acids, usually

salts of gluconic acid. They ordinarily retard initial set more than lignins. Normal dosage
rates are 2 to 4 ounces per sack.

Concrete containing these admixtures usuolly have a greater rate of bleeding. Researchers
generally agree that the organic acids contribute less to concrete shrinkage {or even reduce it)
‘than do the other Type D admixtures.

Hydroxylated Polymers - There appears to be only one company marketing this type.

There are many formulations available, not oll of which are available in each focale. Recom-
mended addition rates with these vary from 3 to 5 ounces per sack.

Table 1 lists most of the popular water reducers along with their basic ingredients and the
manufacturer.

Behavior of Retarding Woter Reducers in Concrete ~ Technical representatives of admixture

companies will usually ascribe the water reduction to dispersal of the cement grains, but most
available information in the technical literature indicates the reduction to be due to changes

in the early hydration reactions of the cement.

§
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Normally, water reducers are added along with the mixing water. Additional retardation
and sometimes improved workability and compressive strength can be obtained by delaying
the addition of the water reducer until the cement and initial water are combined. In caoses
where rapid slump loss occurs, deloyed additions are sometimes helpful. The length of delay
and extent of improved performance must be determined by controlled experimentation with
each producer's cement and admixture.

Significant increases in concrete strength and workability con sometimes be made by
using larger-than-normal dosages of water reducers.  This is particularly true in rich mixes
with low slump where improved workability is extremely valuable. Oftentimes, twice the
normal dosage can be used with sufficient gains to justify the additional cost. Again, care-
ful evaluations of this should be made for each combination of matericls. Research on
effects of high-dosage rates will continue in the CTA lab and be reported later.

Retarding water reducers yield the biggest improvement in concrete performance with
cements which have low C3A c_onter.tts (less then 8 per cent) and low alkalis (less than 0.60
per cent).

The foregoing discussion of cement and admixtures points out the importance of each
producer testing his cement with locally available admixtures to arrive at the best and most

economical combination.

Air-Entraining Agents:

Air-entraining agents are normally not recommended for use in high-strength concrete.
A sizable reduction in compressive strength (10-20%) occurs when concrete, such as is
described in this bulletin, is entrained with air to normal specified limits (4-7%). There is
little, if any, accompanying water reduction, such as occurs at lower cement factors to
compensate for the lower strength. Anyway, precast concrete is rarely exposed to saqturation

and freezing where air-entrainment is beneficial.

Aggregates

——_—

Research performed at Concrete Technology Corporation has indicated that considerable
increase in the ultimate compressive strength of concrete can be accomplished by improving
the bond of the aggregate to the cement paste. The economics and practicality of some of

the methods by which this was done are still questionable and remain outside the scope of
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this paper. Most concrete producers today are limited to only one or two sources of
aggreate, and, with this in mind, the discussion of aggregates will be limited to ideas which

might be used to improve existing conditions.

Coarse Aggregate:

Coarse aggregatesshould be washed to remove fines which will increase water demand
and reduce the workability of high~strength concrete. A minimum of 0 to 0.5 per cent
material passing the No. 200 sieve should be sought instead of the usual 2 per cent. Another
benefit of washing is to presoak the aggregate, which reduces slump loss that would normally
occur with dry, highly absorptive aggregates. Saturated aggregates provide additional
moisture for curing concrete with a low water-cement ratio and improve the later strength
goin.
The compressive and tensile strengths of concrete can be increased considerably by re-
ducing the maximum size of aggregate when the water-cement ratio is low. There exists,
for each cement-aggregate combination in concrete, a water-cement ratio obove which
the paste strength controls the concrete strength and below which the cement- to-oggregate
bond strength controls the concrete strength. The smaller aggregate has more surface area and,
subsequently, higher bond strength if there is sufficient, strong paste to develop the bond.
Fig. 3 shows results of tests dane at CTC using 3/8, 1/2, and 3/4-inch maximum size aggre-
gate. It appears from this that 3/4 or 1/2-in. aggregate is best for cement factors below
650 Ibs. per cu. yd., and 3/8 or 1/2-inch aggregate should be used at higher cement factors.
A very comprehensive study of "Aggregate-Cement Bond, Cement Paste Strength, and
the Strength of Concrete, " was made by Alexander, Wordlaw and Gilbert, in 1965, and
reported at the International Conference on the Structure of Concrete. In their report, they
show that the compressive strength, tensile strength and shear bond strength of concrete are
all improved by using smaller maximum size aggregates at low water-cement ratios. in
addition to the lesser surface area available for bond, the larger size aggregate is vulnerable
to differential [oss of bond strength from bleeding onto the bottom surface of the aggregate,
even at water-cement ratios of 0.35.
Other than the effect of maximum size and excess fines, the concrete strength is little

affected by the coarse aggregate gradation.

CTA-73-85
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Fine Aggregate:

The quantity and gradation of fine aggregate in high=strength concrete is critical for
maximum workability and strength. The combination of aggregates in high-strength con-
crete will be discussed in the following section.

A coarse, natural sand is particularly advantageous for strong, dense concrete. It is
desirable to have a minimum of fines passing the No. 50 sieve, i.e., 0 to 10 per cent.
These fines add little, if any, to the workability of rich concrete mixes and create a
higher water demand with resulting lower strengths and greater shrinkoge. The amount
passing the No. 30 sieve is not as critical as that passing the No. 50, but it should be
maintained between 30 and 40 per cent. This results in a sand gradation with a fineness
modulus of about 3.25 which, of course, is considerably higher than the normal range
of 2.50 to 2.70 for ready-mix concrete production.

The coarse sand described above makes it difficult to entrain air efficiently when normal
dosages of air-entraining ogenis are employed. If air is required in the concrete, 2 or 3
times normal dosage moy be needed.

Slump control is usually much simplier with such a coarse sand, because there is an
upper limit on the amount of free moisture which it will hold. The sand used at Concrete

Technology has a narrow range of free moisture——from 3 to 6 per cent.

OPTIMIZED MIX DESIGN S

In this discussion, a mix is considered to be at optimum when the maximum strength per
pound of cement is obtained while the necessary qualities of impermeability, low shrinkage,
and good workability are satisfied.

Concrete materials should be selected after careful analysis of eoch material and its
performance in concrete. After studying the reference material listed earlier and the pre-
ceding comments on material behavior, an efficient and informative testing program can be
planned and executed. |

Of course, the basis for selecting mix proportions is dependent on several factors other
than materials, such os type of mixer, method of delivery, placement and curing. The
principles described here apply for conditions which exist in mony precast ond prestressed

concrete plants today.
CTA-73-B5
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The precaster can generally use much fower sand to aggregate ratios than are used in
ready-mixed concrete because lower slump concrete can be utilized. Sand contents of
45 to 50 per cent are common in normal applications of ready-mix, while our industry
frequently uses 35 per cent and lower,

The Concrete Technology structural mixes described later were designed for maximum
density. This was done by determining a continuous gradation of dry materials, i.e.,
cement, sand and gravel. The resuitant blend contains minimum voids and can be com-
pacted at near zero slump. Fig. 4 shows a gradation curve for CTC structural concrete mix
proportions compared to the Fuller Ideal Gradation Curve. The curves compare closely,
as can be seen. The Fuller curves provide a good basis for evaluating existing mix pro-
portions, or, as a starting reference, for new mix designs. The development of these curves

can be found in "Plain Concrete, " by E. E. Baver, McGraw-Hili Book Co., 1949,

Optimum Matrix Volume:

This mix proportioning results in matrix volumes (volume of cement, sand, water, and
air) of about 50 per cent for CTC structural concrete. Most normally graded mixes contain
35 per cent matrix or more. Optimum matrix volume is desirable for high strength and low
shrinkage and creep. This occurs where all voids formed by the coarse aggregate are filled
arid the concrete remains workable. The minimum matrix volume for complete filling of the
voids is about 38 per cent, but this is too low for workable concrete. Optimum occurs be-
tween 48 and 52 per cent with continuously graded aggregates, ond between 45 and 48 per
cent for gap-graded aggregates.

Mix Proportioning:

Many theoretical methods for proportioning exist, but most result in dependence on trial
mix verification and adjustment. Scientifically proportioned trial mixes tested in the iab
and/or plant will yield valuable information on which a plant can base its mix desigrs for
many years or until major changes occur in material supply.

One simple method of proportioning aggregates for maximum density is to simply make
several combinations of fine and coarse aggregate and compact them into a given volume
which is then weighed. The resultant optimum fine-to-coarse ratio can be used in trial
concrefe mixes.

CTA-73-85

12




Each producer should determine a strength versus water-cement ratio curve for each
current odmixture combination used in his plant. it is advantageous to test concrete at
ages from 14-18 hours to 90 days at normal temperatures, and at ¢ higher maximum accel-
erated curing temperature. The resultont strength curves then provide a basis for daily
operation, which depends on the operational efficiency of the plant, the strength require-

ments, ond the curing conditions. Examples of such curves are shown in Fig. 5.

PRODUCTION CONSISTENCY

Production of high=strength concrete in a consistent and economical manner is a challenge
that deserves more attention by the precast concrete manager than it usually receives.
Typically, this question is viewed solely as a quality and/or a relicbility problem which
tends to bias the management decision toward "odding another holf-sack of cement" in
order to assure adequate release strength. Actually, the problem should be viewed as one
of optimizing all the fuctors influencing concrete production to attain necessary strengths at
the lowest overall cost.

Statistical evaluation of daily production tests provides an excellent method for determin-
ing the operating efficiency of a plant. Variables commonly found in ready-mix concrete
production, such as quality control personnel, frequent changes in mix design, and varying
jobsite conditions are usually not found in plant production. Therefore, reliable data can
be easily obtained for anolysis.

AC! Standard 214-65, "Recommended Practice for Evaluation of Compression Test Results
of Field Concrete, " is an excellent source for methods of statistical controi. Analyses of
daily compression tests on each mix design used and each product poured will show variations
in concrete production and testing. These are used to determine the emount of overdesign
necessary to achieve the desired level of performance. They may also point out short-
comings in quality control or daily concrete production which need attention.

The statistical measure of variability in concrete and testing is the standord deviation
which, when expressed ds a percentage of the average strength, is called the coefficient
of variation, V. Precast and prestressed concrete plants should operate with a coefficient
of variation between 5 and 10 per cent. Usually plants operating with large coefficients
{10 - 15 per cent) find themselves using cement factors which are considerably higher than
necessary. The manager who is using that extra half-sack of cement just to insure release

strength will spend an extra $40,000 annuatly if he averages 200 cubic yards per day.
CTA-73-B5
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Typical Aggregate Gradations

Per Cent

Sieve Size Passing
Gravel 1 in. 100
3/4 in. 92
1/2 in. 56
3/8 in. 27
No. 4 2
Sand No. 4 98
No. 8 74
No. 16 53
No. 30 34
No. 50 12
No. 100 1

Mixing

Concrete at CTC is mixed for 1 1/2 to 3 minutes in a two cu. yd. Eirich counter~current,
pan-type mixer. Aggregates are unloaded directly from rail cars into the bins so they are
always in a damp condition from washing at the aggregate plant. The temperature of the
fresh concrete is maintained at 55—-7O°F, except in the hottest days of the summer. Tem-
peratures above 70°F create additional water demand in order to maintain workability.

Slump ‘control is obtained by observing two ammeters, one of which is connected to the
pan drive and the other is connected to one of the mixing paddle motors. Frequent visual
checks of concrete in the mixer and during placement maoke it easy to control the water

content and concrete workability at all times.

Placing

Concrete is dumped from the mixer into one of the buckets shown in Fig. 8. The
concrete truck carries a full bucket to the pouring area and returns with an empty bucket,
Low-slump concrete is deposited from these buckets into the form with the aid of vibrators

shown attached to the side of the bucket and connected to o power source from the concreting

crane.
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Although it is often assumed that the quality of the coorse aggregate is a major factor
influencing concrete strength, it is more likely that a number of the factors under a), above,
will play an important role, and they should be carefully investigated before assuming that
aggregate alone is the primary factor limiting concrete strength.

CTC has spent considerable time and effort in developing suitable criteria for its material
suppliers and in developing equipment to manufocture and consolidate low-slump, high-
strength concrete. Follawing is o description of one of the commonly used structural con-
crete mix designs used at CTC. A description of the mixing and placing methods employed

is also included,

CTC Structural Mix

This mix design is used for |-beams, tees, and other structural products where a release
strength of 5,000 psi is required and 28-day strengths of 6,000 ~ 7,000 psi are generally

specified. The actual 28-day strength tests from this mix were described in Fig. 7.

1 cu. yd. Weights (Saturated, Surfoce=Dry)

Type 1l Cement: 605 1b.
Sand: 1,090 Ib.
3/4-in. gravel: 2,300 1b.

Water-reducing admixture: 40-60 oz. Zeecon R
Water-cement ratio: Usual range ~ 0.35 - 0.40
Sand to aggregate ratic = 32%

Aggregate to cement ratic = 5.6to 1 (by weight)
Dry density of concrete = 155 = 138 pcf

CTA-73-85
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Typical Aggregate Gradations

Per Cent

Sieve Size Passing
Gravel 1 in. 100
3/4 in. 92
1/2 in. 56
3/8 in. 27
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No. 8 74
No. 16 53
No. 30 34
No. 50 12
No. 100 1
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always in a damp condition from washing at the aggregate plant. The temperature of the
fresh concrete is maintained at 55—-7O°F, except in the hottest days of the summer. Tem-
peratures above 70°F create additional water demand in order to maintain workability.

Slump ‘control is obtained by observing two ammeters, one of which is connected to the
pan drive and the other is connected to one of the mixing paddle motors. Frequent visual
checks of concrete in the mixer and during placement maoke it easy to control the water

content and concrete workability at all times.

Placing

Concrete is dumped from the mixer into one of the buckets shown in Fig. 8. The
concrete truck carries a full bucket to the pouring area and returns with an empty bucket,
Low-slump concrete is deposited from these buckets into the form with the aid of vibrators

shown attached to the side of the bucket and connected to o power source from the concreting

crane.
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Heavy external vibration from Anderson Vibrators makes it possible to place 0~ to Z-in.
slump concrete in I-beams, bulb tees, piling, and other structural members. Higher slump
concrete with internal vibration is used for double tees, columns, median barriers, etc.
Concrete is placed on a vertical front, ond under external vibration, the stiff concrete
flows along @ 45° slope. The formed surfaces are almost free of bug holes and the cencrete
is nearly impermeable with a density of 155-160 pcf.

internal vibration is used when necessary to get good compaction to supplement the
external vibrators in very heavily congested areas, such as the end blocks of highly pre-

stressed girders.

FUTURE IMPROVEMENTS

The practical limit to the compressive strength of concrete might be taken arbitrarily
as the strength of the cement paste. Tests performed at PCA on paste with a water—cement
ratio of 0.2 yielded compressive strengths of 25,000 psi. Strengths of 17,500 psi were
obtained at CTA on paste with a water-cement ratio of 0.35. The limiting foctor in con-
crete seems to be in the aggregate-to-paste bond.

Improvements in aggregate bond to cement paste by special coatings on existing aggregates
might be used to increcse the strength of concrete. It has already been demonstrated at the
Brookhaven National Laboratory, Bureau of Reclamation, Dow Chemical Co., and else-
where, that polymers can be used to improve the performance of concrete made from poor
quality aggregaotes and mediocre cements.-

New admixtures and equipment are being marketed which should aid considerably in

producing low-slump, high-strength concrete.

SUMMARY STATEMENT

One can conclude that there is no simple combination of rules to follow in order to con-
sistently produce economical, high-strength concrete. This paper has presented several
factors which we have found to be important to this objective.

Substantial gains in concrete quality can be made by simply applying a thorough know-

ledge of the behavior of concrete materials gained through testing and research.
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Water-Reducing Admixtures

Trade Name Manufacturer
Pozzolith 200N Master Builders
Pozzolith 300N Master Builders
Pozzolith Hi-Early Master Builders
Sikacrete Sika Chemical Corp.
WRDA Dewey and Almy

Zeecon N Crown-Zellerbach
Zeecon R Crown=Zellerbach

19

Tvee
Corn Syrup & Triethanolamine

Corn Syrup, Triethanolamine
and Lignosulfonate

Corn Syrup & Ct:|C]2
Sodium Glucenate & CaC12

Lignosul fonate and
Triethanolamine

Lignosulfonate and CaCl 2

Lignosulfonate



60

<0,000 psi

8,000 pai

SPAN - FEET
8

MAXIMUM

120 \
_—£¢ = 6,000 pai \
o
100
4 5 6 7 8 9 0

BEAM SPACING - FEET

FIG. | — SFAN-SPACING CAPACITY FOR AASHO TYPE X BEAMS

20



CONCRETE CURED @ I50°

w/C =038
| 6000 1 / (TYPE I CEMENT
i BLAINE : 5800

% CSS : 08 7.
z TYPE I CEMENT
o BLAINE : 3600
) 055 : 62 ./.
u| 4000 ¢
2
@
a
w
of
o
3
T 2000 T

} } 'y

12 I8 24

AGE, HOURS

FIG.2 - EARLY STRENGTH GAIN OF CONCRETE

21



11000

10000

9000

8000

7000 | o - e
Eooo ,‘ . -. ‘ " .' ‘. .‘ i - i
AGG. [3/al/2 158" |42t (vt (a2t favet] izt s

W/C |35]35/36| (38|40|40| |44 44|47 S0 51 | 57
CF 750 LB./YD| |[6S0LB./YD 560 LB/YD] |470 Lb./YD.

28-0AY COMPRESSIVE STRENGTH, PSi

MIX DESIGN

FIG.3- EFFECT OF AGGREGATE SIZE AND CEMENT
CONTENT ON COMPRESSIVE STRENGTH

22



100 v

F 4
80
o
2
N IDEAL CURVE — /
(D ‘o \’l
< V /S—CTC GRADATION
’ CURVE
P
Z| 40
O ”
o7
w
0.
20
o
0.00 0.20 040 0.60 0.80

SIEVE OPENING, inches

FIG. 4~ CTC COMBINED GRADATION CURVES

23



@ 73° MOIST CURE
e 28 DAY : 73° MOIST CURE
10000 |- ——— {8 HR: |4 HR @ I50°
9
o
£ 8ooo |
0
y4
0
14
o
6000 |
w
2
th
i
&| 4000 |
b3
0
O
2000

035 0.40 045 0.50
WATER - CEMENT RATIO

FIG. 5- COMPRESSIVE STRENGTH VS
WATER -CEMENT RATIO

24



10 7

AV. STRENGTH, 9,000 PSi. B
COEE VARIATION, 5.5 %
® 8+ — -
w
[F4]
o pey
.
° G pa—
ol
1)
m —
p3
Zl 41 =
ﬂ
2 - ey
8,000 9,000 10,000

COMPRESSIVE STRENGTH FSI.

F1G.6- STRENGTH OF 28-DAY CYLINDERS FOR
PRESTRESSED CONCRETE PILING.

25



AV. STRENGTH, 8,800 PS.I.
COEF. VARIATION, 6.8 %
e+
sol
&)
| 401
‘—
[V IR .
)
30&. -
X i
2 _
3 I
204
104 1 i 2
ceannlll LT s
TOoOO 8OO0 2000 1000

COMPRESSIVE STRENGTH, PSi.

FIG. 7-STRENGTH OF 28-DAY CYLINDERS FOR
FOR CTC STRUCTURAL CONCRETE.

26



FIG.&- CTC TRANSPORTATION AND
DELIVERY SYSTEM.

27



28



concrete information

PORTLAND CEMENT_IE ASSOCIATION

HIGH-STRENGTH CONCRETE

By SIDNEY FREEDMAN, Manager
Concrete Technology and Services Section, Portland Cement Association

Part |. Materials

W Interest in high-strength con-
crete has been increasing over the
past several years. It is being
specified where reduced weight
is important or where architec-
wiral consideradons require more
slender vertical load carrying ele-
ments. In structures over 40 stor-
ies for example, it is often desir-
able to specify a minimum con-
crete strength of about 7.500 psi
for lower-story columns to reduce
their size and increase usable
space. In prestressed concrete con-
struction, too. high-strength con-
crete may allow a reduction in
span-to-depth ratios of structural
members.

There is, of course, no exact
point of separaton between “nor-
mal” and “high-smength” ccncrete.
For purposes of this discussion.
high-strength concrete is classified
arbitrarily as concrete with a spec-
ified compressive strength of ar
least 6.000 psi at 28 days. The
specified strength of concrete has
been based traditonally on 28-day
test results. However, in high-rise
structures requiring high-soength
concrete, the progress of construc-
tion is such that the structural ele-
ments in lower Aoors are not fully
loaded for periods of a vear or
more. That is why it is reasonable
to specify that the compressive
strength be based on 90-day test
results.

The ultimate limit of concrete
strength at 90 days seems to be
about 20,000 psi. The practical
and economical smength limit of
ready mixed concrete that may be
approached in the fuwure seems
to be about 11.000 psi for normal
weight-aggregate concrete and 8.-
000 psi for structural lightweight-
aggregate concrete,

Through the use of low-slump
-or no-slump rich mixes, high com-
pressive strength concrete is pro-
duced routinely under careful
control for precast or prestressed
products. The low-slump concrete
is consolidated in the forms by
prolonged vibration or shock meth-
ods. However, cast-in-place con-
crete requires more fragile forms
that do nct permit the same com-
paction procedures, and plastic
warkable concretes are necessary
to avoid segregation or honey-
combs.

There is no question that con-
crete of 9,000 to 10,000 psi (90
davs} can be produced by ready
mixed concrete plants. At present,
concrete with 9.000 psi at 56 days
is being delivered by several
ready-mix firms. While no new
technology is required, careful ad-
herence 1o every aspect of the
best practices for production and
control is absolutely essendal. A
successful high-strength concrete
job also requires close cooperation
and special effort from all partdes
~—the engineer, the ready-mix pro-
ducer, the contractor, and the test-
ing agency.

A ready-mix producer should not
attempt to supply high-strength
concrete mixes without an exten-
sive mix development program,
which may be time-consuming
and expensive.

High-strength concrete is
achieved by optimization of the
following factors: (1) characteris-
tics of cementing medium, (2)
characteristics of the aggregate,
{3) proportions of the paste, (4)
paste-aggregate interaction, (5}
mixing, consolidation and curing,
and (6) testing procedures.

Materials selection

Production of high-strength con-
crete may or may ot require
purchase of special materials. The
producer must know the factors
affecting compressive smength
and know how to vary those fac-
tors for best results. Each variable
should be analyzed separately in
developing the mix design. When
an optimum or near-optimum pro-
cedure is established for each var-
iabie, the procedure then should
be incorporated asz the remain-
ing variables are studied. An op-
timum mix desigh is then devel-
oped for the materials on the ba-
sis of performance, cost, and qual-
ity control.

s Cement: Selecdon of portland
cement for high-strength concrete
should be based on comparative
strength tests of concretes tested
at 28 and 90 days. A cement
which vields the highest compres-
sive strength at extended ages
{90 days) is obviously preferable.
The tests should be made with
mixes containing between 660
and 940 lb. per cu. yd. of each
cement—amounts will vary de-
pending on target stremgths. Oth-
er than changes in sand content
as cement content increases, the
concrete samples should be as
nearly identical as possible with
the slump between 3” to 4”. The
water-<cement ratio also should be
adjusted so that equal workabil-
ity becomes a basis of comparison.
Some of the more finely ground
portland cements such as Type
IIi (high-early-strength) will have
higher mixing water requirements
for equal workability, particularly
at low water-cement ratios, and

Reprinted with permission from Modern Concrete, October, November, December 1970, and January, February 1971.
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Fig. 1 shows that, in concrete
having a 4" slump with cement
content exceeding 600 or 700 Ib,
per cu. vd.. higher compressive
swength will be produced with
the smaller-size aggregate. Fig. 2
shows the effect of the maxi-
mum aggregate size on COMmMpres-
sive strength of concrete with
varving cement content at 28 and
91 davs. Both figures aiso demon-
strate that a water reducer-retard-
er is beneficial to strength devel-
opmernt,©

In concrete of a comstant ce-
ment content and maximum ag-
gregate size, variations in com-
pressive strength are attributed
mainly to differences in mixing
water requiremernts among aggre-
gate sources. Aggregate shape and
surface texture and deleteri.
ous coatings are apparently re.
sponsible for these variations in
mixing water requirernents of sim-
ilarly graded materials from dif-
ferent sources. As particle shape
departs from a smooth, rounded
configuradon and becomes in-
creasingly rough and angular, mix-

ing water requirements in con-
ventional strength concretes in-
crease with corresponding de-
creases in strength unless cement
content is increased. However, the
cement-aggregate bond increases
as the particle shapes change from
stnooth and rounded to rough and
angular and this must be consid-
ered in selecting the aggregate for
high-strength concrete.

Coarse aggregate void content
can be used as an index of differ-
ences in particle shape and tex-
ture of aggregates of the same
grading. Mixing water require-
ment tends to increase as coarse
aggregate void content increases
because of changes in particle
shape and texture. For each 1%
increase in coarse aggregate voids,
the mixing water requirement of
concrete increases about Y2 gal.
per cu. yd. However, the shape
of fine aggregate particles rather
than that of coarse aggregate has
markedly more effect on water de-
mand. Measurements of void con-
tent for fine and coarse aggre-
gates from the same source show

similar trends. This similarity al-
lows the producer o use fine ag-
gregate void content to pre-
dict mixing water demand and the
resultant effect on the compres-
sive strength of concretes made
with aggregates from a given
source.?

In concretes of equal water-ce-
ment ratios, different types of ag-
gregate will produce concretes
of different strengths. The
strength variations attributable to
aggregate type apparently are
due to the depree of bond devel-
oped between the paste and ag-
gregate (both porosity and surface
texture being irnportant) and to
the strength of the aggregate pax-
ticles themselves. Bond of the
paste to aggregate particles gen-
erally increases with roughness, al-
though other aggregate character-
istics also influence bond.

In making high-strength con-
crete trial mixes, it is important to
select relatively hard and strong
coarse agpregates that do not
break down and produce fines
during mixing and which have

3000 T_\'goo
500
L
1s00 \
8000 A =
\ .5300 \ 900
= .,
a \\ T 300
T \
> . 600 800
5 r000/beeetizmmm A NN e NHEE] =
& ‘ %qr \ N 299 |
b TN N N
]
w { 1 ‘\Q 600
- ey | 800
e W e = | \
? 6000 _ =
w 600
v %
g /|
S )
? ze-pay 91- DAY 28 - DAY 91-DAY 28 - DAY 9 1- DAY
S000+ TESTS TESTS —[1 [T TESTS TESTS M TESTS TESTS
PLAIN RETARDED RETARDED
T NON-AIR-ENTRAINED ~“T1 [T NON-AIR-ENTRALNED ~ -  AIR-ENTRALNED
CONCRETE conclam CONCRETE
L1 1
qooo—L—lL L R i Cam d L L - 3
P Y T D Dt T N E R A 'S SR R )

of concrete {(adapted from Ref. 6},

MAX. SIZE OF COARSE AGGREGATE, in.
Fig. 2. Effect of size of coarse aggregate on compressive strength in different types

30



.
A 8 TJ,--"
s o,
Zai e
ooey ,"F' ,,’.- 9
77 - &
," > I}‘
. AL .
¢ Y. s :
H /
! ./ ! 7 T,
; ’ Pk
;{f' MAY MIE AGK ,':' /°
A N %
& - i P
5 o 1w " ."l’
: | iy
- £
(]
+,

L, MNON - A E CONCRETE WITH SET - RETARDED A.E CONCRETE

Ly ~RETARDING ADMIXTURE WITH 535 *1.0% ENTRAINED AR

ry

A0 OO B OO MG 00 “0

CEMENT FOUMOS PER COOC YAAD

Fig. 1. Effect of cement on compressive strength for various maximum sizes of

aggregate in different types of concrets.®

may promote more rapid stiffen-
ing in hot weather. Either Type
I (normal) or Type II portland
cements should be satisfactory.}
However, if ready mixed concrete
is to be used in products to be
steam-cured, it may be beneficial
to use Type III portiand ce-
ment.23*

» Coarse Aggregate: Since aggre-
gates comprise a large fracdon of
the volume of concrete, the char-
acteristics of the aggregate signifi-
cantly influence the properties of
the concrete, including strength.

The strength of concrete up to
about 5,000 psi depends essential-
iy on the quality of the hardened
cement paste that helds the ag-
gregate particles together. The
aggregates at this strength level
nearly always have a much great-
er s than cement paste.
However, two additional factors
become important in high-strength
concrete: (1) the strength of the
aggregate, and (2) the bond or
adhesion between the cement
paste and the aggregate.

Coarse aggregate gradation is of
minor importance in mixes with
*Superscript numbers designate references
at end of each part.

high cement contents. The grad-
ing of a coarse aggregate of a
given maximum size may be var-
ied over a relatively wide range
within the ASTM limits without
appreciably affecting the strength
if the proportion of fine aggre-
gate produces concrete of good
workability. .

Determining the optimum size
of coarse aggregate for different
concrete strength levels has prac-
tdcal value for concrete produc-
ers. The optimum maximum size
of coarse aggregate depends on
such factors as (1) the relative
stren¥th of the cement paste, (2)
cement-aggregate bond, and (3)
strength of the aggregate parti-
cles. However, in a sense none of
these factors are adequately
measured by readily available
standard tests. They are also dif-
ficult to evaluate, when consid-
ering a specific choice of two
available aggregates, without mak-
ing tial batches. There is a con-
siderable difference in the
strength of concretes produced by
different aggregates of the same
size and gradadon from different
sources when they are mixed in
comparable batches of identical
proportions, The difference Is

N
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greater in flexure than in com-
pression. ¢

In normal strength concrete, as
coarse aggregate size is increased,
mixing water requirement is re-
duced. The net effect is a lower
water-cement ratic and higher
strength. The water requirement
is a funcdon of the overall fine-
ness of the solid ingredients. How-
ever, the large sizes of coarse ag-
gregate tend to reduce concrete
strength, probably because of the
smaller surface area for bond and
the disruption of the continuity of
the concrete. In rich, high-
strength concrete mixes, the effect
of size itself (use of small aggre-
gates - 347, %7, or 3”¥) usu-
ally is sufficient to offset the ef-
fects of the higher mixing water
demand, and strength increases
with decrease in aggregate size®
Therefore the producer should
make trial batches using coarse
aggregates meeting the require-
ments of ASTM (33, Specifico-
tions for Concrete Aggregates for
size numbers 57 (17}, 67 (34"},
7 (") and 8 (3”7 ). Some
ready-mix producers have found
that " maximum size appears
to give optimum strength for thejr
aggregates.



range of the fineness modulus is
2.70 10 3.20 with about a maxi-
mum of 2% passing the No. 100,
0 to 107 passing the No. 50, and
35 tw 43% passing the No. 30
sieves ?

Washing the sand may be nec-
essary. and natural sands contain-
ing large quantities of mica, cer-
tain clay minerals, or other dele-
terious materials should be avoid-
ed as thevy may increase water de-
mand and affect hydration and
bond of the cement paste. The
emphasis should be on uniformity
of grading from batch to batch
of both the fine and coarse aggre-
gates because of their effect on
workability.

e Miving water: Use of cool mix-
ing water (40° .F.) ‘instead of
nermally warm water (70° F.)
will increase the slump of the
concrete about 1 to 2”, which is
very desirable in terms of work-
ability. If, in turn, the amount of

Part Il: Materials and

mixing water is reduced, the
strenigth of the concrete may be
increased ! However., cool mixing
water is seldom available and the
problems encountered in the use
of ice are not worth the effort
for the small, if any, increase in
strength.
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» Admixtures: Chemical adrnix-
rures for concrete, including high-
strength concrete. should meet the
requirements of ASTM C494, Spec-
ifications for Chemical Admix-
tures for Concrete. Trial mixes
should be made with the admix-
ture and job materials at tempera-
tures and humidites anticipated
on the job, This permits evalua-
tion of the compaubility of the
admixture with other admixtures
and job materials as well as the
effects of the admixture on the
properties of the fresh and hard-
ened concrete. The amount of
admixture recommended by the
manufaceurer should be used until
trial batches have established that

an adjusted higher dosage is more -

effective for the materials to be
vsed and that the desired strength
is obtained at the specified age.

Almost sll castin-place, high-
strength concrete is used for ap-
plications that do not require air
entrainment. Therefore, no air-
entraining agent should be used
in these concretes. Entrapped air

contents usually will be in the
range of 1 to 2%. However, if
high-strength concrete is to be
used under saturated freezing-and-
thawing conditions cr if de-icers
will be applied (for example, the
exposure of precast, preswessed
bridge beams), air-entrained con-
crete should be used despite 2
potential loss of 5% in strength
for each 1% of entrained air.!
The armount of entrained air used
should be on the low side of the
recommended range for normal
smength concrete for the particular
aggregate size.

The use of water-reducing re-
tarders should be considered. They
generally will result in a higher
concrete strength if the water con-
tent is reduced for a given mix
and if the cement content and
slump are kept the same. In high-
strength concrete mixes, the re.
duction in watercement ratio
achieved by eliminating excess
mixing water may produce greater
srength improvement than a simi-
lar reductdon obtained by adding
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cernent.

The most widely used water-
reducing, setcontrolling admix-
tures are based upon any of three
classes of organic compounds or
mixtures of these compounds.
These are (1) salts of sulfonated
lignin, (2) salts of hydroxy acids,
and (3) hydroxylated polymers,
Each of these three classes of
chemicals produces set retardation
of the concrete and may appre-
ciably modify the strength devel-
opment. The retardation cam be
decreased by simultaneous use of
accelerating or catalyzing sub-
stances that may be combined into
a formulated admixture product.
Water-reducing retarders usually
are less expensive and more effec-
tive in high-strength concrete than
water reducers, Water reducers
generally still retard somewhat,
espe;ia]ly at temperatures below
70° F.

Water-reducing admixtures pro-
duce various effects on the amount
of air in concrete. Lignin-based
admixtures typically entrain 1 to
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few flat, elongated particles.
Crushed rocks such as traprock
(basalt or diabase), limestone,
guartzite, or granite usually are
suitable. Strengths developed with
these aggregates are higher with
higher specific gravity and mmod-
erate absorption (1.5 to 2.5% ) of
the particles.

Some natural gravel aggregates
may not be as suitable for mak-
ing high-strength concrete as
crushed rock unless the gravel ag-
gregates are unweathered (irreg-
ularly shaped) or crushed. In the
case of apgregates manufactured
by crushing, particles more nearly
cubical are generally preferred to
angular particles. Air-cooled slag
also may be satisfactory, but there
has been limited field experience
with it.® In addition, high-strength
concrete has been made with
heavyweight aggregates that pro-
duce high density for radiation
shielding.® Stuctural lightweight
aggregates produce wide varia-

tions in the properties of con-

crete even though they may be
similar in appearance and pro-
duced by similar processes. One
reason for the variations is the
pronounced but not readily deter-
minable absorption characteris-
tces of these materials. The ab-
sorption differences may account
for a large part of the strength
variations attributed to the aggre-

gate per se. Lightweight-aggre-
gate concretes differ considerably
in the amount of water required
to attain proper warkability be-
cause of the grading, shape, and
surface texture of the aggregate
used. Aggregates that require ex-
cessive amounts of water to pro-
duce proper workability will there-
fore require excessive amounts of
cement to provide adequate
strength.

Many of the structural light.
weight aggregates can be used for
high-strength concrete if the pro-
ducer selects a maxirnum aggre-
gate size of 12~ or less. With a
fixed cement content and slumnp,
replacement of the lightweight
fines with natural sand usually
will increase the compressive
strength with many lightweight
aggregates, particularly those with
an unfavorable particle shape in
the lightweight fines. With a few
aggregates, the use of natural sand
has little or no effect on compres-
sive strength but will improve
other properties of the concrete.
The natural sand will, of course,
raise the unit weight of the con-
crete and decrease the advan-
tages accruing to lower weight.
However, the weight of concrete
is of very little significance in col-
vmns—the typical use of high-
strength concrete,
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e Fine Aggregate: The shape and
surface texture of the fine aggre-
gate will have a greater influence
on the water demand and com-
pressive strength of the concrete
than that of the coarse aggregate.
In sands of the same grading, a
1% increase in fine aggregate
voids may cause a l-gal.-per<cu.-
yd. increase in water demand.
The bond of paste to fine aggre-
gate is less significant because of
the large surface area available
for bonding. Therefore, rounded,
smoother fine aggregate particles
are better from the point of view
of strength than sharp, rough ag-
gregates. Concrete mixtures of the
same slump and cement factor
and containing natural sand pro-
duces higher strengths than con-
cretes containing manufactured
sands as shown in Fig. 3.! The
particle shape and grading of
these materials are probably re-
sponsible for the strength differ-
ences.

The grading of the fine aggre-
gate within typical specificadon
limits is not highly critical except
that a slightly coarse sand prob-
ably would be beneficial if avail-
able and not economically pro-
hibitive. This is because the coars-
er fine aggregate particles have a
lower water demand. If such
sands ave available, the preferable



tarders. improves their waterre-
ducing properties. and Increases
their capacity to entrain air. This
indicates that to obtain higher
concrete strength, the water re-
ducer should be added with the
last part of the water or after mix-
ing has progressed for a short
tme. Adding the water reducer
late can be a very sensitive pro-
cedure—it can cause very heavy
retardation. Contrel at a batch
plant producing high-strength
concrete must be very dependable.
Therefore, it may be safe to add
the admixture late in the cycle.

e Pozzolans: A pozzolanic ma-
terial such as fly ash may be em-
Pleved in high-strength concrete
mixes to increase strength at later
ages. Such material must be used
as an admixeure, that is, as an
addition to the regular amount of
cement, not as a2 partial substitute
for it. Because of their high ab-
sorption, low specific gravity and,
in some cases, high fineness, mmany
pozzolanic materials increase the
water requirement of concrete.
However, fly ashes of high fine-
ness and low ignition loss (less
than 3% ) may have little effect
on the water demand. Since the
properties of pozzolans may vary
widely, acceptance and uniformity
tests should be made before they
are used. ASTM C618 Fly Ash and
Raw or Calcined Natural Pozzo-
lans for Use in Portland Cement
Concrete covers the use of natur-
al pozzolans and fly ash as admix-
tures in concrete.

Pozzolanic action is 2 secondary
effect, which depends on and fol-
lows the hydration of cement. The
pozzolanic reaction can be inter-
rupted easily and may or may not
proceed to completion. The bene-
fits of pozzclanic activity in con-
crete are realized only with long
periods of moist curing and favor-
able curing temperatures. FPre-
mature drying or cold weather in-
terrupte pozzolanic reaction as
well as cement hydration. In high-
strength concrete, the high cement
content of the mix provides the
basic early strength in case the
pozzolanic action is prematurely
stopped.

A waterreducing agent should
be used in a high-strength con-
crete containing a pozzolan. The
quantity of the waterreducing
agent used should be based on the
total amount of cement.

Proportioning

The trial mix approach to se-
lecting proportiens for high-
sttength concrete mixtures is
much more successful than any
theoretical approach. The mate-
rials can best be optimized by the
trial mix method.

To cobtain high strength, it is
necessary to use the lowest pos-
sible water-cement ratic (0.30 to
0.40) and consequently high ce-
ment factors.

The water reguirement of the
concrete increases as the sand con-
tent is increased for any given size
of aggregate. Because of the high
cement content of these concretes,
the fine aggregate content can be
kept low. However, even with well-
graded aggregates, z low water-
cement ratio may result in con-
crete that is not sufficiently work-
ahle for the job. Usually it will be
necessary to use at least 660 1b.
of cement per cu. yd. of con-
crete to maintain mixtures of
sufficient workability t6 be com-
pacted. A trial mix for 10,000

psi concrete (90-day strength)
should contain about 940 lb. of
cement per cu. vd. At this level,
increased cement content may be
an inefficient means of gaining
strength. There is, for given ma-
terials and given mixing and de-
livery condidons, a maXimum
strength that will not be in-
creased by adding cement. Per-
haps the best method to increase
strength is to reduce the slump,
but in meost ready mixed concrete
this is generally not feasible. The
ready mixed concrete must pos-
sess sufficient workability to be
placed without heoneycombs or
voids. If lower slumps were pos-
sible, additional strength could be
obtained by decreasing the sand
content and making the mixes
somewhat harsher. In some very
dry mixes, gap-graded coarse ag
gregates appear to offer advan-
tages.

The unit strength in psi ob-
tained for each pound of cement
used in a cubic vard of concrete
can be plotted as strength efficien-
¢y (Fig. 5)8.

0 I T

STRENGTH EFFECIENCY, PSI/LB, CEMENT/CU. YD.
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SLUMP = 38 TO 58 INCHES
CURE = 28 DAYS, MOIST

NG 4 é. i.

L 3 8

MAXIMUM SIZE AGGREGATE, INCHES, LOGSCALE
Fig- 5. Maximum size aggregate for strength efficiency

enveiope.’
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3% air above that characteristic
of equivalent mnon-airentrained
concrete. Some lignins entrain
more air than this typical range.
Generally, admixtures that entrain
air show low water reductions as
the cement content is increased
because of the reduced effect of
air entrainment on water reduc-
tion in rich mixes. In non-air-
entrained, high-strenpth concretes

it is best to avoid lignin-based

admixtures that can entrain air.
Air entrainment { when necessary)
caused by water-reducing admix-
tures is hard to control when the
cement itself is air entraining.
Admixtures based on hydroxy acid

salts or some types of hydroxy

lated polymers are non-air-entrain-
ing unless a surface acdve agent
is included in a formulated prod-
uct. Nevertheless, the amount of
an airentraining admixture re-
quired to produce 2 given air con-
tent in concrete usually must be
reduced 1% to 15, in the presence
of any type of water-reducing ad-
mixture, from that normally used
without the admixture. This is a
minor consideration, however, as

most high-strength concretes do
not require air entrainment.

Dosages required to produce
specific results are usually recom-
mended by the manufacturers. The
dosage often can be varied to
obtainn the desired concrete prop-
erties under particular job con-
ditions. Serious retardation of the
setting time of concrete has been
due in some instances to the use
of excessive amounts of water-
reducing admixtures. Extrerne
caution and careful contro]l must
be exercised when using more
than the manufacturer’s recom-
mended dosage. An overdose al-
most always will reduce early
strengths of concretes while later
strengths may or may not be sig-
nificantly reduced (Fig. 4).2 The
type of admixture (Z or P. for
example) is also important with
respect to overdosing.

The effectiveness of water re-
ducers can vary significantly. In
general, the effect of a water
reducer in terms of both water
reduction 2nd degree of retarda-
tion will be influenced by increases
in cement fineness, changes in
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aluminate content (C,;A), soluble
alkalies, and free lime (CaQ) in
the cement, and concrete tempera-
ture changes. The admixture must
be compatible with the cement.
Waterreducing admixtures may
produce rapid slurap loss due to
premature stiffening or false set,
resulting in the undesirable neces-
sity for addirion of retempering
water. This effect depends on
several factors, particularly com-
position of the cement, composi-
tion and rate of use of the
admixture, and both concrete and
ambient temperatures. The most
important cement properties that
relate to such admixture incom-
patibility are the type and amount
of calcium sulfate additive and
the amount of soluble alkalies.
Remedial measures include addi-
tional mixing to remove faise set,
change in the source of admixture,
or a decrease in the rate of addi-
tion of the admixrure.
Waterreducing admixtures usu-
ally are added to concrete with the
mixing water. Adding water re-
ducers after mixing has started
increases their efficiency as set re-
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Mixing

B Most of the high-strength ready
mixed concrete presently being de-
livered is produced in central-mix
operations, which have been found
to allow greater control and ef-
ficiency. However, the ability to
control the producing operation de-
pends greatly on the personnel in-
volved.

Tests to determine the most ef-
fective procedure for charging and
mixing should be made for all
mixtures. Ribbon loading of ma-
terials helps to produce uniformly
mixed batches of concrete but oth-
er procedures may work equally
well. Under usual conditions, up
to about 10% of the mixing water
is placed in the drum before the
solid materials are added. Water
is then added uniformly with the
solid materials, leaving about 10%
to be added after all other materi-
als are in the drum. The materials
should be added simultaneously
at such rates that the charging
time is about the same. If 2 water
reducer is used, it should always
be added at the same time in the
charging cycle, preferably as late
as possible.

With some drum mixers, a very
dry mix may require the addition
of some water and the coarse ag-

gregate first. Otherwise the coarse -

aggregate surface does not become
sufficiendy wetted. With turbine
mixers, all materials can be fed
simultaneously but not so fast as
to overload the mixer motor. The
mixer should be running while
feeding the materials.
- Mixing of high-strength concrete
can follow conventional proce-
dures. The mixes with high cement
factors probably benefit from
slightly longer mixing times. Cen-

tral mixers should do an excellent
job of mixing within 90 to 120 sec.
Turbine mixers should be field
tested for mixer performance be-
fore a minimum wmixing time is
established. The very cohesive na-
ture of the mix tends to make it
adhere to drum mixers. Low-slump
non-air-entrained mixes with small
aggregate sizes may be very sticky
and difficult to mix even though
longer-than-normal mixing times
are used.

The mixing water and, if neces-
sary, the aggregates should be
cooled to obtain the lowest practi-
cal concrete temperature down to
40° F. with an upper limit of 75° F.
for the concrete delivered to the
forms. The mixing water require-
ment increases with resultant
strength reductions as the initial
temperature of the concrete in-
creases. Also, the rate of slump loss
and the amount of mixing water
required to maintain slump at ini-

tial levels with prolonged mixing
increases markedly with increased
concrete temperature. Additions of
more than 1 to 2 gal. of water at
the job site will adversely affect
the compressive strength.

Placing and consolidating

There must be close liaison be-
tween the contractor and the con-
crete producer so that the con-
crete can be rapidly discharged
after arrival at the job site. Final
adjustments of the concrete should
be supervised by the concrete pro-
ducer’s technicians on the site. Di-
rect radio or telephone commumi-
cation is necessary between the
job site and the batch plant for re-
laying necessary adjustments. De-
lays in delivery must be eliminuted
and sometimes it may be necessary
to reduce batch sizes if placing
procedures are slower than nor-
mal. Rigid surveillance must be ex-
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The figure shows that smaller ag-
gregates provide the most efficient
use of cement in high-strength
concrete. For example, for 7000
psi concrete strength using this
particular material, a maximum
aggregate size between 3716” and
33~ produces the most efficient
mix-—8.2 psi per 1Ib. of cement
per cu. yd. of concrete. This
means that approximately 850 Ib.
of cement is needed to produce
7000 psi concrete at 28 days.

The U. 5. Army Waterways Ex-
" periment Station prepared charts
for several cement factors and
slumps to assist in the actual pro-
portioning of mixtures (Fig. 6)4.
They are intended only as guides;
tria] mixtures should be pro-
portioned with the individual ma-

terials proposed for the project.

Data in the charts apply to mix-
tures containing 1/2” maximum
size, well-graded coarse aggre-
gate comparable to limestone;
good quality natural silica and
graded to ASTM specifications;
Type I or Type H cement; and
water-reducing admixture, but no
air-enfraining admixture. As an
example, 2 9000-psi mixture can

be designed either to have a 312”
slump, a cement content of 10
bags (940 1b.) per cu. vd., a
water-cement ratio of 0.36, and
a sand-aggregate ratic of 36%
(Fig. 6b}, or to have a 27 siump.
a cement content of approximate-
ly 8.5 bags (800 1b.) per cu. vd.
(by interpolation), a water<ce-
ment rado of 0.39, and a2 sand-
aggregate rado of 38.5% (Fig.
6a). Adjusttnents probably will
be required in frial mixtures just
as with conventional concrete.

A typical mix design for 2000
psi concrete (at 56 days) being
delivered by several ready-mix
producers is as follows:

Type I cement 846 lb.
Fly ash 100 Tb.
Sand 1060 b,
Stone, 2"

{ASTM No. 7} 1710 Ib.
Water, net 317 1b.
Water reducer-

retarder 38 oz./batch

A slump of 3” to 3-%2" Is con-
sidered desirable by the producers.
If 28-day strength is specified, it is
8000 psi with 90060 psi to be at-
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tained in 56 days. Backup cylin-
ders are tested at 90 days if there
is a question about the 36-day
strengths.

The strength levels developed in
laboratory trial batches may be
impossible to achieve ip the feld.
Therefore, all final mixtures pro-
posed for use should be tested in
full.size truck-mix batches under
typical job conditions. The differ-
ence in strength between labora-
tory and truck mixers arises be-
cause of differences in mixer ef-
ficiency, higher concrete tempera-
tures in the field than in the lab-
oratory, shorter mixing times in
laboratory, and possibiy other fac-
tors. These factors may necessitate
adding 20 to 30 lb. of additional
water per cu. vd. to the truck
mixed concrete to obtain the same
workability as in the laboratory.
This additional water, of course,
will have an adverse effect on
strength.

To better simulate actual job
canditions, it is suggested that lab-
oratory trial batches be mixed (or
aged) 20 to 30 minutes. At the
end of this period the mix should
be retempered before casting speci-
mens.



age at lower temperatures but
above freezing would tend to in-
crease 28-dav sirengths while stor-
age at higher temperatures would
produce lower 28.day strengths. In
the wintertime plvwood curing
boxes equipped with light bulbs
or small thermostatically controlled
electric heaters have been used
with great success. Maximum-
minimurmn thermormeters should be
used. Coverings of damp burlap
are highly recommended in curing
boxes. Curing boxes with a small
cake of ice are a practical means
of obtaining the desired tempera-
ture control in hot weather. When
curing boxes are not used in the
summertime, coverings of damp
burlap will provide some cooling
due to the evaporation of water in
the shade. In the summertime,
coverings of damp burlap with
sheet polyethylene over the out-
side must be avoided since the
plastic sheeting prevents evapora-
tion and the burlap provides in-
sulation for the retention of heat
due to hydration during the first
24 hours.

Within 24 hours the specimens
should be taken carefully to the
laboratory and placed in standard
maist curing. The failure to bring
the specimens into the laboratory
for standard curing within 20 =4
hours is probably the most fre-
quent and perhaps the most seri-
ous of all potential violations of
standard testing precedures.t At
all times from molding to testing,
the cylinders should be carefully
protected from loss of moisture.

Since capping becomes more crit-
ical as the strength of the con-
crete increases, unusual care must
be taken in this phase of the test-
ing. The real key to successful
capping is the use of an adequate-
ly strong material in a very thin
layer of uniform thickness. Pro-

prietary sulfur mortars made spe-
cifically for capping concrete cyl-
inders should be used. However,
many sulfur capping compounds
are unsuitable for high-strength
specimens, particularly when caps
are more than 1" thick. Home-
made sulfur compounds and re-
used compounds must be avoided.
A waiting period of at least 2 hr.
between capping and testing of
cylinders capped with sulfur
should be strictly enforced. Fre-
quent tests of 2” cubes are recom-
mended to insure that capping
compound develops 3000 psi in 2
hr.

Capping may be eliminated if
the ends of the hardened concrete
cylinders are ground or lapped to
the required tolerances. This meth-
od is expensive and skilled gpera-
tors and proper apparatus may not
be available.

Bearing blocks on testing ma-
chines and capping jigs should be
carefully checked for planeness
and alignment. It is important that
cylinders be properly centered in
the testing machine. High-strength
concrete cylinders explode on
breaking. Therefore, a protective
screen or curved shield of per-
forated metal should he used to
surround the cylinder or testing
machine. The operator should wear
goggles, safety glasses or a face
shield. Crushing the cylinders to
determine the t of failure and
fracture should be required. The
practice in some laboratories of
failing to test a cylinder to frac-
ture should be discouraged. Inade-
quate caps may be revealed by -the
appearance of the cylinder after
tests. Normally the cylinder should
break into two conical end sections
with the caps intact. If the break
is through the cap or the specimen
splits vertically, a careful check

Table 1. Incrasses in design strength as coefficient of variation increases.

should be made of the quality of
capping material and planeness of
caps and bearing surfaces. Ab
normal fracture and reduced
strength may result from wedging
action or uneven stress distribu-
tion when thick irregular caps are
used to correct excessively rough
surfaces. Specimens of very high
strength sometimes split along ver-
tical planes even with proper caps,
but splitting may also be evidence
of a cap that has flowed and intro-
duced lateral forces.

Quality control

A comprehensive quality control
program is required at both the
concrete plant and the site to
guarantee consistent production
and placement of high-strength
concrete. Inspection of concreting
operations from stockpiling of ag-
gregate through completion of cur-
ing is important. Production con-
tral that is closer than is normally
obtained on most projects is nec-
essary. Alsp, routine sampling of
all mix materials may be neces-
sary to control uniformity of the
concrete.

Specifications wusually require
that the average strength of con-
crete delivered to a project be
above a specified value, and with
only very few tests permitted to fall
below that value.. To meet these
requiremnents, it is necessary to
aim at an average strength higher
than the specified minimum. The
level of the design strength de-
pends on the contro} exercised over
the variables that influence the
strength of the concrete. The less
effective the control exercised, the
higher the average strength re-
guired to meet the specification
requirements,?

The production of concrete hav-

Specified  Coefficlent of Variation V = 7%,

V = 10% Vv = 139%
Strength Standard Design Strerigths Standard Design Strengths Standard Design Strengths
r. Deviation (1) 2 Deviation oY) @ Pivistion o) @
8000 465 6620 &700 633 6930 7200 543 7270 7690
7500 581 8280 8400 B66 8660 9010 1178 9080 9740
9000 697 9540 10200 1040 10400 10920 1414 10800 11790

(1) Present Specifications — ASTM €94, ACl 318-63 and ACI 301-66
(2) Proposed Specifications — ACI 318-71, ACI 301
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ercised on the job site to control
any addition of retempering wa-
ter. The contractor must be pre-
pared to receive the concrete and
he must be equipped to handle,
place and consolidate a sometimes
sticky, cohesive, low-siump mate-
rial.

Consolidation is very important
in achieving the potential
strengths of high-strength con-
cretes. Fig. 7 shows the substan-
tial effects that incompiete con-
solidation has on compressive
strength of concrete.r Concrete
must be vibrated as quickly as pos-
sible after it has heen placed in
the forms. High-frequency vibra-
tors should be small encugh to al-
low sufficient clearance of the vi-
brating head between the reinforc-
ing steel.

Over-vibration of very workable
normal-strength concrete often re-
sults in segregation or loss of en-
trained air, or both. However,
high-strength concrete will of ne-
cessity be relatively s:iff and con-
tain little air. Conseguently, in-
spectors should be more concerned
about under-vibration than over-
vibration.

Curing

The strength-producing proper-
ties of the cement paste are due
to the chemical reactions between
cement and water. These hydra-
Hon reactions require time and
favorable conditions c©f tempera-
ture and moisture. Hydration takes
place very rapidly at first and then
more and more slowly. When the
internal relative humidity of con-
crete is permitted to drop below
about 80%, hvdradon virtually
stops.

The rate at which the relative
humidity inside concrete decreases
as the structural element is sub-
jected to a drving atmosphere is
of considerable importance. Mois-
ture migrates very slowly through
concrete so that cement continues

to hydrate beneath the outer 37 .

to 4” of concrete for a long period
of time after exposure to drying.
See Fig. 8.2 However, to assure
adequate curing of the element
without adding moisture to the
surface, the ratio of the volume
of the element, V, to the exposed
surface area, S5, must be greater
than 3 or the thickness of the
structural ‘member must be thick-

.
-

er than 12”% Also, the relative
humidity in concretes having low
water-cement ratios decreases
more slowly than concretes having
high water-cement ratios.

In many instances, membrane
curing compounds or water should
be applied to the formed surfaces
immediately after forms are
stripped. This will improve the
quality of the surface of the con-
crete and preven: dusting of the
surface.

During hydration, an internal
deficiency of water in the concrete
may cccur unlegs additional cux-
ing water is supplied. If this defi-
ciency (bv self desiccation) oc-
curs, the rate and degree of hydra-
tion will be reduced. Such defi-
ciencies are more likely to oceur
in mixes with low watercement ra-
tios, typical of high-strength con-
crete. A means of assuring curing
mpoisture for the interior of the
concrete would be to use normal-
weight aggregates in a saturated
condition. This produces increased
compressive strength in concretes
with low water-cement rados.
Lightweight aggregates absorb con-
siderable water during mixing that
can transfer to the paste during
hydration. Therefore, deliberate
soaking of lightweight aggregate
has little effect on compressive
strength. However, lightweight ag-
gregates should be prewetted to

control the uniformity of the con-
crete. Saturated aggregates, normal
weight or lightweight, should not
be used in concrete in a wet en-
viranment to be exposed to freeze-
thaw cycles unless a long period
of drying before such exposure is
possible. Otherwise frost damage
may DCCur.

Testing

The testing agency must follow
the standard ASTM methods of
sampling, molding, curing, and
testing the cylinders. Specimens
should be cast in reusable steel
molds or in disposable tin molds
rather than the usual cardboard
molds. Most cardboard molds ap-
pear to produce specimens with
strengths 2% or 3% less than
those molded in steel molds, and
occastonally strength reductions of
10% to 13% may occur. Even
small reductions in strength must
be avoided. Cylinders should be
consolidated by internpal vibration
when the slump is 3" or less and
rodded when slump is greater
than 3”.

After cylinders are molded they
must be stored carefully at 60 to
80° F. during the first 24 hours
and moisture loss prevented by
covering them with a metal or
glass plate and damp burlap. Stor-
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Another important feature of
these curves is that their peaks oc-
cur—that is, the maximum
stresses are reached —at strains of
about 0.0020 to 0.0025, for all
tested mix proportions and cylin-
der strengths. In design it is de-
sirable that the concrete not-crush
or substantially enter the descend-
ing branch of the curve before the
steel has reached its vield point.
In steel an elasdc strain of 0.001
corresponds to a stress of 30 ksi.
Therefore, reinforcement with
vield saengths between 60 and 75
ksi will reach these yield points
before the concrete starts weak-
ening.

The modulus of elasticity of
concrete, E_, depends on the modu-
lus of the cement paste, the modu-
lus of the aggregate, and the rela-
tive amounts of paste and aggre-
gate,

The modulus of the paste in-
creases as the degree of hydration
increases. Changes in modulus for
a given concrete occur because of
changes in the modulus of elastici-
ty of the paste and increased bond
with aggregate as curing con-
tinues. As the modulus of the paste
increases, the concrete strength
also increases, and for any given
concrete mixture and curing con-
dition: there is a general empirical
relationship between strength and
modulus of elasticity. The formula,
E. = w1333/, defines this rela.
tionship; where w = unit weight
and f/, = compressive strength.

The unit weight of high-strength
concrete does not increase ap-
preciably over conventional-
strength concrete except for rich
all-lightweight mixes. Concretes
may comply with this formula only
within = 15% to 20%. Depending
on how critically values for E, will
affect the design ( as in buckling of
long columns), the engineer
should decide if the values de-
termined by formula are sufficient.
ly accurate, or if he should de-
termine E, values from tests made
on the specified concrete jin ac-
cordance with ASTM C469, Meth-
od of Test for Static Young's Modu-
lus of Elasticity and Poisson’s
Ratio in Compression of Cylindri-
cal Comcrete Spectmens.

Modulus of elasticity for a given
concrete exhibits a mmuch higher
coefficient of variation than the
compressive strength. The greater
variation results in part from the
greater inaccuracies of the test

procedures used to measure the
gsmall strains.

The moduli of elasticity of
pastes are a2 function of the waterx-
cemernt ratio and age. They range
up to 2.5 to 3.5 x 108 psi, while
those for aggregates are generally
considerably higher, except for
most of the lightweight aggregates.
Generally, the lower the absorp-
tion of the aggregate, the higher
the modulus of elasticity of the
aggregate. Therefore, the greater
the volume of paste per unit of
aggregate, the lower the modulus
of elasticity should be at compar-
able degrees of hydration or
strength. This merely emphasizes
that strength alone is not a good
indicator of modulus of elasticity
of different concrete mixtures over
the whole range of strengths pos-
gible with the same rmaterials used
in different proportions. What is
important is how the strength was

obtained for any given set of ma-
terials—by a change in mix pro-
portions ar water-cement ratio or
by longer curing. For any particu-
lar mix, however, strength is a
good indicator of the modulus of
elasticity, the modulus increasing
with strength. In the high-strength
region, the modulus does not im-
crease as rapidly as strength and
may approach some limiting value.

Fig. 10 shows Young's modulus
of elasticity for a high-strength
and a conventional concrete made
with the same crushed limestome.
The following table and the figure
show that high-strength comcrete
has a higher modulus than the
conventional concrete and that the
modulus increases with age or
compressive strength®.

The modulus of elasticity of
concretes made with lightweight
aggregates is not influenced ma-
terally by the volumetric concen-

MEASURED PROPERTIES OF CONCRETES

co Cornp.-essi;:iStrengﬂ'l,' Hoduluslg il:istldty.'
Age, days 7500 4 + 3500 + + 75004 + 3500 + +

23 7940 5540 4.80 © 430

a0 9250 6040 5.78 5.25

180 9910 6110 5.84 5,15

365 10300 6050 6.59 5.53

730 19770 6080 7.20 5.38

*Average of two cylinders
+ + Design at 28 days

Static Modutus of Elasficilyllos pEi

+ 28 -doy design strangth, psi

28 a0

18O 365 T30

Concrete Age, days

Fig. 10. Modulus of elasticity vs. age of concrete.®
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ing a high compressive strength
will involve achieving a low vari-
ance in test results. In most cases,
it will not be possible to produce
concrete having an average
strength significantly higher than
the specified strength. Table 1
shows the design strengths for
several coefficients of variation
and the resultant high design
strengths as the control becomes
poorer. The lower coefficients of
variation normally obtained on
high-strength concrete projects are
a result of increased vigilance in

quality control on the part of the
producer rather than a characteris-
tic of all strength tests.
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Part IV: Properties—Modulus of Elasticity; Thermal
Properties; and Adiabatic Temperature Rise

B In the design of concrete struc-
tures or products, other physical
properties besides compressive
‘strength have considerable signifi-
cance to designers. The modulus
of elasticity, thermal properties,
adiabatic temperature rise, drying
shrinkage, creep, and bond to steel
must be considered. Information
on these properties is available for
concretes of all types. Most of thisg
information, however, relates to
concrete strengths up to 5000 or
6000 psi. The growing interest in
high-strength concrete points up
the need for more data on these
Pproperties.

o Modulus of Elasticity: The
stress-strain relation and modulus
of elasticity of concrete are impor-
tant design quantities. Static deter-
minations of the modulus of elas-
ticity provide one of the values

useful for such design purposes

as determining deformation and
stress distribution between con-
crete and steel in reinforced or pre-
stressed concrete members and the
buckling effects in long columns.
The static modulus of elasticity al-
so is useful for calculating the
stresses resulting from shrinkage,
settiement or other distortions. Al-
though concrete is not a perfectly
elastic material, the theory of
- elasticity can be applied to it with-
in limits of stress and time. How-

-
b

ever, marked departure from
linearity is noted at near-ultimate
stresses. Unreinforced concrete has
a certain amount of ductlity. This
ductility, however, decreases with
increasing concrete strength. The
stress-strain relation becomes al-
most a straight line as the concrete
strength increases, (Fig. 9)'. A
feature of these curves in Fig. 9
is that each shows a2 descending
branch after the maximum stress
has been reached. Also the maxi-
mum strain at failure in compres-
sion is lower at higher concrete

strengths. The maximum ultimate
strain for design at the exmeme
compression fiber may be below
-003 for higher strength concretes.

At a Joad representing the
same proportion of the ultimate
strength, the higher strength con-
crete has a higher strain. However,
when comparing high-strength
concretes to conventional-strength
concretes, the ratio of strains is
smaller than the ratios of
strengths, so that the modulus of
elasticity is greater for higher
strength concrete® 3.4.5,
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more frequently in high-strength
concrete than in conventional con-
crete because of the rapid com-
pressive strength development and
corresponding tensile stength in-
creases.

Heat generation of the concrete
depends on the heat of hydration
of the cement used, water-cement
ratio, and the cement content. The
heat generated per unit volume of
concrete is directly proportional
to the cement content while low
water-cement ratios reduce the
rate of heat generation. There-
fore, the relatively low water-ce-
ment ratios in the high-strength
concretes tend to counteract the
heat generated by the high ce-
ment contents. The heat rise in
high-strength concretes will be ap-
proximately 11 to 15° F./100 lb.
of cement ‘cu. yd.5.
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Part V: Properties—Drying Shrinkage and

Creep; and Bond of Concrete to Steel

® Drying Shrinkage and Creep:
Drying shrinkage of concrete is due
mainly to the evaporation of chem-
ically uncombined water. The con-
sideration of shrinkage in design
may be highly critical for some
structures and unimportant for
others. Shrinkage can affect per-
forrmance and appearance. The
amount of shrinkage that is wolet-
able depends on jointing and de-
sign details.

Creep of concrete is the dimen-
sional change or increase in strain
with time due to a sustained stress.
Creep of concrete may be either
beneficial or detrimental, depend-
ing on the prevalent structural con-
didons. The effects of creep as
well as the effects of drying shrink-
age should be considered and, if

necessary, compensated for in

structural designs. With increasing
heights of buildings, the impor-
tance of time-dependent shorten-
ing of columns and shear walls
becomes more critical because of
the cumulative nature of such
shortening!.

Shrinkage and creep of concrete
are related phenomena and are

controlled by similar parameters.
The nceded parameters are those
which are known or predictable by
the designing engineer. These
parameters affecting shrinkage
and creep include: (1) water-ce-
ment ratio of the cement paste,
{2) physical characteristics of the
aggregate, {3) cement paste con-
tent and characteristics, (4) age
of concrete when exposed to dry-
ing cr when an external load is
applied, (5) size and shape of the
structural member, (6) amount of
steel reinforcement, and {7} envi-
ronmental exposure cenditions
such as relative humidity, temperx-
ature, and carbon dioxide content
of the air =3+,

This discussion considers the
basic creep and shrinkage charac-
teristics of concrete as measured
on small prisms or cylinders
However, the shrinkage and creep
of full-scale structural elements is
considerably reduced because of
size effect, sequence of loading
and amount of reinforcement.

In comparing behavior under
load of concretes made with dif-
ferent cements, the ratio of the ap-
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plied stress to the strength at the
tme of loading should be consid-
ered. With respect to the cement,
the magnitude and rate of creep
strain is influenced by the strength
attained by the cement paste at the
timne of loading. This is controlled
to scme extent by the chemical
composition and fineness of the
cement. Cements of different
composition and fineness also have
variable effects on drying shrink-
age. Such differences have been
moderated considerably in recent
years in most cements by provid-
ing the optimum amount of gyp-
summ in the cement. At optimum
gypsum content, the type of ce-
ment per se does not significantly
influence creep or drying shrink-
age.
The role of the aggregate in con-
crete is to dilute the paste matrix
and to restrain greatly the shrink-
age and creep of the paste, thereby
reducing the overall shrinkage and
creep of the concrete. The effec-
tiveness of the aggregate in reduc-
ing shrinkage and creep increases
as the volumetric fraction of coarse
aggregate in the concrete increases.



tration of aggrepate. This is be-
cause the modulus of the aggre-
gate is generally about the same
as that of the paste. Normal-weight
sand often is used with lightweight
aggregates to increase the modu-
lus of elasticity. Depending on ¢he
type of lightweight aggregate and
sand content, the modulus of elas-
ticity of lightweight concrete is
generally 20% to 50% lower than
that for normal-weight concrete of
equal strength, with the greater
difference occurring in the low-
strength ranged. A modulus of
35 x 10® psi has been obtained
for sand-lightweight concrete of
7000 psi, 28-day strength, and 118
pef wet concrete weight

o Thermal Properties: When ex-
terior columns partially or fully
exposed to the weather are sub-
jected to seasonal temperature
variations, their lengths change
relative to the interior columns
which remain unchanged in a con-
trolled environment. In low build-
ings this causes insignificant struc-
tural problems that can be ig-
nored. However, in taller budld-
ings with partally or fully ex-
posed exterior columns, tempera-
fure siresses must be considered’.
The thermal properties of high-
strength concrete are important
in analyzing the effects of tempera-
ture variations. These properties
—conductvity, diffusivity, specific
heat, and coefficient of expansion
—of high-strength concrete are
within the common range for con-
ventional-strength concretes.$#.10,
Conductivity, k, the rate of heat
flow through a unit thickness of
material, and diffusivity, the rate
at which temperature changes will
take place within the mass of
hardened concrete, are both great-
ly atfected by the type of aggre-
gate. Within narrow limits, how-
ever, conductivity is a, function of
the unit weight of the concrete. It

ig also affected by moisture con-
tent of the concrete as shown in

Fig.11. This figure presents average
k values for concretes in oven-dry,
normally dry and saturated mois-
ture conditions. The normally dry
unit weight of concrete is attained
after moisture egquilibrium is
achjeved with mnormal ambient
weather conditions. The water-ce-
ment ratio and strength have lit-
tle or no effect on these properties.
Diffusivity of concrete varies be-
tween 0.02 to 0.08 ft.2/hr.

Y

-

Specific heat, the heat capacity
of the concrete. varies from .20
to 0.28 Btu/lb.-deg. F. Specific heat
js affected very little by the min-
eralogical character of the apgre-
gates or the high cement content
of the mixture. In general, the
Specific heat varjes directly, with
variation in the temperature and
moisture content of the concrete.

Coefficient of expansion, the
change in length per unit length
with changes in temperature, is
usually between 3.5 to 7.0x10—¢
in./in./deg. F. The thermal expan-
sion and contraction of concrete
varies with such factors as type
and amount of aggregate, richness
of mix, water<ement ratio, tem-
perature range, concrete age, and
relative humidity (degree of sat-
uration of concrete).

Of these, aggregate type proba-
bly has the greatest influence.

Ranges for normal weight con-
cretes are 5 to 7 x 10-° per deg. F.
for those made with siliceous ag-
gregates and 3.5.to 5 x 10-% per
deg. F. for those made with limne-
stone or calcareous aggregate. The
values in each case depend on the
mineraiogy of specific aggregates.
Approximate values for structural
lightweight concretes are 4 t0 6 x
10" per deg. F. depending on the
amount ' of natural sand wused.
When a precise value is not re-
quired, a coefficient of 5.5 x 10-¢
per deg. F. is frequently used. If
greater accuracy «is needed, tests
should be made on the high-
strength concrete mix.

e Adiabatic Temperature Rise:
The extent to which hydration of
the cement paste heats the con-
crete depends on the size of the
structural element and its environ-

ment. Heat dissipation depends on
the type of form, amount of ex-
posed surface, and ambient tem-
peratures at the various surfaces
of concrete. The low thermal con-
ductivity of concrete results in a
slow rate of heat exchange be-
tween concrete and its surround-
ings. Therefore, at early ages, heat
is generated in concrete at a higher
rate than it can be transmitred to
exposed surfaces. The result is a
heat buildup approximating adia-
batic conditions. Departure from
adiabatic conditions is greatest
near the cooling surfaces.

The elevated temperatures due
to heat generation in high-strength
concrete will have no detrimental
effects on compressive strength
and, in fact, may produce a slight
increase in strength. However, in
massive sections, such as very
large columms, it mav be necessarv
to consider limiting the amount of
temperature rise above the final
stable temperature, by reducing
the temperature of the concrete at
the time of placement. Otherwise,
temperature stresses may develop
if the element is restrained against
movement.

Temperature stresses occur as
the temperature of the concrete
rises and then drops essentially to
the temperature of its surround-
ings. The temperature at the cen-
ter core of the concrete is higher
than that at the exposed suxfaces.
Thus, as the outer surface cools
and tends to shrink, compressive
soesses are set up in the center
and tensile stresses in the cooler
outer surfaces. When these tensile
stresses become greater than the
tensile strength of the concrete,
cracking occurs. However, crack-
ing is not expected t¢ occur any
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For constant relative humidity,
changes in temperature have a
negligible effect on the creep and
shrinkage of concrete. Humidity of
the air, however, tends to vary in-
versely with temperature. Hence
creep and shrinkage strains tend
to be less for lower temperatures
because of both the higher relative
humidity and the lower rate of
evaporation.

Moisture diffusion from concrete
becomes increasingly more difficult
as cement hydration proceeds, par-
ticularly with low water-cementra-
to concrete. Consequently the rate
and magnitude of drying shrink-
age and creep are reduced with
extent of hydraton. Fig. 12 shows
the drving shrinkages of three 3~
x3”x11” prisms per design strength
determined in_ accordance with
ASTM C157 Method of Test for
Length Change of Cement Mortar
and Corncrete, In addition one
Prism per mix was cast with 2 Men-
fore humidity well located on the
axis near the middle of the prism.
The relative humidities in these
wells were measured periodically
while the prisms were subjected
to the same drying conditions as
the shrinkage prisms. There is a
good correlation between internal
relative bhumidity and drying
shrinkage.

A concrete element with its load
applied at an early age exhibits a
much larger specific creep {actual
treep strain at a particular time
Per unit of sustained stress) than
a specimen loaded later. This
means that creep decreases with
increase in swoength-to-stress ratio
at the time of loading. Also be-
cause of the gradual increase of
the modulus of elasticity with age,
the elastic shortening per unit
stress of older concrete is smaller
than that of concrete loaded at an
earlier age. Fig. 13 shows creep
and drying shrinkage characteris-
tics of two field-obtained concrete
mixes (28-day design strengths
of 3500 and 7500 psi)®. These
data are from lab tests of 67X127
plain concrete cylinders. Cylinders
were removed from moist curing
and placed under sustained con-
stant load at 28, 90, and 180 days
after casting. The sustained load
produced a stress equal to 25% of
the mnominal concrete design
strength. A companion cylinder
without load was used to measure
drying shrinkage.

Creep is a linear function of the
stress-strength ratio for stress up to
50% of the ultimate strength of
the concrete (normal working
stresses fall below 50 percent).
Creep under a constant lead will
be smaller the greater the increase
in strength while the concrete is
under load.

The amount as well as the rate
of both shrinkage and creep de-
creases as the rado of volume to
surface area increases, although
shrinkage and creep continue
longer. Also the use of rein-
forcement may reduce both shrink-
age and creep by as much as 50%
depending upon the amount of re-
inforcing steel resisting the vol-
ume change.
® Bond of Concrete to Steel: Bond
of concrete to steel increases with
increase in compressive strength of
the concrete. The ultimate bhond
stress varies approximately as the
ratio of embedment length to bar
diameter, (1/d), and as the square
root of the compressive strength
(/F,). The resulting relationship

of bond to compressive sirength is
curvilinear, bond strepgth increas-
ing less rapidly as the compressive
strength of the concrete is in-
creased. The bond strengths de-
veloped by high-strength concretes
will be above the maximum al-
lowable average bond stress given
in the Building Code Requiremnents
for Reinforced Concrete (ACI 318-
63) for many of the reinforcing
bar sizes 78. The proposed ACI
318-71 reflects lower bond
strengths for all-lightweight con-
crete than for normal weight con-
crete; that is, sand-lightweight
concrete has higher bond values
than all-lightweight.
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The mineralogical and physicai
properties of the coarse aggregate
are important in providing re-
straint t0 shrinkage and creep. Be-
cause of the great variation in ag-
gregate within any mineralogical
or petrological type, it is not pos-
sible to make a general statement
about the magnitude of shrinkage
or creep of concrete made with ag-
gregates of different types. Hard
aggregates with high density and
high medulus of elasticity coupled
with moderate porosity or absorp-
ton produce concrete with the
lowest drying shrinkage and creep.
Other aggregate variables such as
grading, maximum size, and par-
ticle shape have their main in-
fluence on shrinkage or creep in
the effect they have on the paste
content required for adeguate
workability.

At high compressive strengths,
some structural lightweight con-
cretes exhibit lower drying shrink-
age than concrete made with aver-
age normaji-weight aggregates. Par-
dal or full replacement of the light-
weight fines by natural sand usu-
ailly reduces shrinkage for con-
cretes made with most lightweight
aggregates. In terms of creep prop-
erties, there is little difference be-
tween normal and hghtweight ag-
gregate at equal high compressive
strengths 3,

Little information is available on
the effect of admixtures on dry-
ing shrinkage and creep, possibly
because of the multiplicity of ad-
mixtures available and their fre-
quent modification. At present, it
is not possible to predict which
combinations of admixtures and
cements will influence shrinkage
OT CTeep.

Chemical admixtures alter the
rate at which early hydration re-
actions occur. This alteration of
hydration is affected by a number
of factors, as explained in Part Il
of the series. The use of accelera-
tors such as calcium chiloride and
triethanolamine resuits in substan-
tial increases in drying shrinkage
and creep of concrete. Some chem-
ical admixtures of the water-reduc-
ing type also increase drying
shrinkage and creep substantially
(age of loading is important),
pardcularly those which contain
an accelerator to counteract the
retarding effect of the admixnire.
The materials commoniy used to
entrain air in conicrete (where niec-
essary in precast elements} have

—
-

little effect on shrinkage or creep.

Concrete containing pozzolanic
admixtures which require more
water may have increased shrink-
age, but most low carbon fly ash
will not appreciably affect shrink-
age. However, pozzolans may in-
crease creep because of the increase
in paste content resulting from the
increased veolume of hydration
preducts brought about by the re-
action of cement hydration prod-
ucts and the pozzolans.

The influence of proportions is
best understood by considering in-
terrelated factors such as water-ce-
ment ratio, cement content, ag-
gregate content, and total water
content. Both the creep and the
shrinkage of concrete increase
with an increase in water content.
Shrinkage is approximately propor-
tional to the percentage of water
by volume in the concrete, while
creep varies with the water-cement

ratio, For mixtures of similar
workabhility an increase in cement
content decreases the water—ce-
ment ratdo. The creep strains are
reduced because of the increased
strength resulting from the re-
duced water-cement ratio. If the
aggregate-paste ratio is decreased
an increase in shrinkage and
creep are to be expected.

The amount of drying shrinkage
and creep are also functions'of en-
vironmental conditions and the
rate of internal dessication. Obvi-
ously, the relative humidity, tem-
perature, and air circulation will
influence both rate of drying and
ultimate drying shrinkage and
creep. Concrete subjected to a con-
tinuously dry atmosphere, such as
an interior column, will exhibit
greater drving shrinkage and creep
than concrete exposed to high hu-
midities.
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ABSTRACT: Piscusses the production of high-strength, ready-mixed concrete
by optimization of the following factors: (1) characteristics of cementing medi-
um, (2) characteristics of the aggregate, (3) proportions of the paste, (4) paste-

- aggregate interaction, (5) mixing, consolidation, and curing, and (6) testing

procedures. Modulus of elasticity, thermal properties, adiabatic temperature rise,
drying shrinkage, creep, and bond to steel are considered.
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Some factors influencing
high-strength concrete

By Ronaid L. Biick

B The use of high-strength ready-
mix concrete has increased consider-
ably in several areas of the country.
Concrete suppliers in the Chicago
market, for exampie, have been
supplying high-strength concrete
with conventional ready-mix equip-
ment for eight years. This has helped
the conerete industry establish a po-
sition of renewed respect with the
architects, engineers, and contrac-
tors, Research and development,
progressive thinking, and competent
producers willing to accept the re-
sponsibility for the performance of
their product have renewed confi-
dence in the ready-mix concrete in-
dustry. '

The definition of high-strength
concrete varies with location, but it
could be defined in a general way as
concrete which passesses compres-
sive strength properties which are
diffieult to obtain using local materi-
als and practices. Much of the re-
search conducted on high-strength
concrete has been centered around
compressive strengths in excess of
6,000 psi For the purpose of this
paper, high-strength concrete will be
defined as concrete having a mini-
mum compressive strength of 6,000
psi.

Presently, concrete specified for
9,000 psi at 56 days is being delivered
successfully in the Chicage market,
and research and development pro-
grams include ready-mix concrete in
the 10,000 psi strength range. This
type of concrete provides the archi-
tect and structural engineer with a
new design tool.

Ready-mix conerete producers -

should not attempt to deliver high-
strength concrete without first de-
veloping an extensive testing pro-
gram to determine the optimum
mixture proportions. Close attention
to each facet of concrete production
is mandatory. The producer must
itnow the factors that effect com-
pressive strengih and how to vary

these factors for best results. It was
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found that the selection of a brand
and type of portland cement was the
most important factor. Some cements
produce very high early strengths
but exhibit little strength gain at ex-
tended ages. The selection should be
made on the basis of its strength
producing capabilities in concrete
mixtures at 28, 56, and % days. Fig-
ure 1 illustrates the concrete
strength performance data on three
brands and three types of portland
cement used in trial mixtures; and
Figure 2 represents the compressive
strength of corresponding ASTM
C-109 mortar cubes.

it should be noted that a relation-
ship existed between the mortar
cube strength and the concrele
strength for Type I and I cements;
ie., the cements that gave the high-
est strengths in mortar cubes yield-
ed the hjghest concrete strength. The
Type LI cement did not follow this
pattern, as it yielded the highest
mortar cube strengths but produced
concrete strengths lower than three
other cements. Figure 3 represents
further investigation of the relation-
ship of Type I cements tested in
mortar cubes and concrete trial
batches. The cylinder results were
derived from concrete mixtures in
which the slump was maintained at
215" to 3%”, This data indicated a
correlation of mortar cubes to con-
crete strengths for the Type I ce-
ments. Other data has indicated that
a reliable relationship may not exist,
It is important not to base your final
conclusion solely on the mortar cube
test results.

Limits on the physical properties
of the selected brand of cement
should be established and submitted
to the producer for compliance. At
this point a periodic sampling and
testing program of the cement being
used should be initiated to insure
uniformity of the product and con-
formance to the modified limits or
specifications. This sampling and
testing program is performed by our
eement chemist in our own cement
and concrete laboratory. Each brand
of cement used in our system is sam-
pled and evaluated at least once a
week. A similar program .could be
established in conjunction with a
local commerical testing laboratory
if the expense of setting up an inter-
company laboratory cannot be justi-
fied,

After the selection of the cement is
. made, the optitnum cement content
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Figure 5. Compressive strength and modulus of elasticity of various
sizes and types of coarse aggregate for 7500 psi concrete.

should be obtained through a series
of trial mixtures in the laboratory
using a single set of aggregates. The
trial rixtures. should be made at a
constant slump. The range of cement
content may vary, depending on the
design strength being considered but
should be sufficdent to produce a
maximum useful quantity. Since ce-
ment in excess of this maximum
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quantity will not produce additional
strength, other rnaterials with
strength producing properties should
also be evaluated. At this point the
benefit of various admixtures should
be pursued.

There are basically three different
classes of compounds which fall intg
Type A and Type D chemical ad-
mixtures: lignosulfonates, hydrocar-
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boxylic acids, and hydroxylated pol-
ymers. The compatability of the se-
lected cement and the admixture
being considered should be evalu-
ated in order to determine the mast
efficient method of utilizing the ad-
mixture. Properties such as setting
time, workability, water reduction,
strength, time of addition, and addi-
iian rates are all areas which should
be explored.

Variations in dosage rates from
the standard recommendations of the
admixture manufacturer should be
examined. Qur data indicated that
increased dosage rates as high as
502, above the amounts recommend-
ed by the admixiure manufacturer
resulted in increases in compressive
strength up to 10% without detri-
mental effects (Figure 4). Caution
should be taken when using ligno-
sulfonates at an overdose as they
tend to entrain air in excess of 3%,
which could reduce compressive
strength substantially. Extended re-
tardation of the concrete due to the
increased dosage rate has not been
noted in the field even during winter
construction. For optimum efficien-
cy, the addition of the admixture
should be delayed until all cement
has come in contact with the initial
mixing water.

The use of a good quality fly ash is
a must in the production of high-
strength concrete. A fly ash with an
ignition loss of 3% or less is prefera-
ble. Other pozzolans msy also have
similar beneficial effects but were
not investigated in this work. The
strength gain achieved from the use
of 109% to 159 fly ash {by weight of
cement) cannot be attained through
additional cement,

Air-entraining agents are not gen-
erally required or recomended for
use in high-strength concrete due
to the accompanying strength loss,
The primary applications of high-
strength concrete (caissons, interior
columns, and shear walls) will nor-
mally eliminate any need for air-
entrained concrcie.

During our aggregate investigation

phase of the high-strength program,
it was found that careful considera-
tion should be given to the shape,
surface texture, and mineralogy of
the aggregates. It is well known that
aggregate shape and surface texture
affect the total mixing water re-
guirements and these characteristics,
along with the mineralogy of the ag-
gregate, control the bond of paste to
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aggregate, and, therefore, play a
greater role in the strength produc-
ing qualities in high-strength con-
crete.

The optimum size and shape of
coarse aggregate should be de-
termined hy trial batches. Each
strength level will have an optimum
size aggregate which will yield the
greatest compressive strength per
pound of cement. In order to deter-
mine the optimum size for a given
strength, trial batches should be
made with aggregates less than 17
top size at varying cement contents.

The initial investigation of aggre-
gate for high-strength concrete mix-
tures centered around the 7,500 psi
strength level. Coarse aggregates of
ASTM #57 and #67 gravel and
stone were tested and evaluated in
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concrete mixtures. These tests re-
vealed that the pravel] concrete pro-
duced lower compressive strength
and modulus of elasticity (Figure 5)
when compared with the stone con-
crete using the same size aggregate
and cement content. The smaller size
stone aggregate was used throughout
the balance of the testing program as
it yielded superior results when
compared to the larger size stone ag-
gregate. The results of the course ag-
gregate study to determine the max-
imum size aggregate for 9,000 psi
concrete are shown in Figure 6. At
this strength level there was a clear
distinetion between the results of the
ASTM #7 and #8 size stone and
the ASTM #7 size gravel. The con-
crete mixtures with the ASTM #8
gradation produced the greatest
strength at later ages, but were also
the stickiest and hardest to handle.
Since workability is a major con-
cern in the field, this prompted the
use of the ASTM #7 size stone,

The strength loss normally associ-
ated with increased mixing water
when using small size and angular
shaped coarse aggregate is overcome
by the greater bond developed be-
tween the cement paste and aggre-
gate. This cement-aggregate bond
increase is due to the greater surface
area of the smaller size aggregate,
angular particle shape, and surface
texture.

One of the primary functions of
fine aggregate in conventional con-
crete is its role in providing worka-
bility. Sands that provide good fin-
ishing characteristics in regular con-
crete are neot as necessary since
high-strength concrete contains zn
unusually high amount of cement
and pozzolan. Sands with a fineness
modulus around 25 produced con-
crete with very “sticky” characteris-
tics, which resulted in loss of worka-
bility and higher water demands.
Sands with a fineness modulus
around 30, which are considered
coarse under norrnal conditions, pro-
vided the best workability and high-
est compressive strength. The influ-
ence of sand particle shape and sur-
face texture appears to have at least
as great an effect on mixing water
and compressive strength of con-
crete as those of coarse aggregate.

The proportion of fine to coarse
aggregate was developed from a
modified version of Table 6 in ACI
613-64, Recommended Practice for
Selecting Proportions for Concrete.



It was found that an optimum
amount of coarse aggregate was
achieved by increasing the values in
ACI 613-84, Table 6, as noted below.

Variation from the standard ACI
proportioning guide was necessary
because of the extremely high per-
centage of cementitious materials in
the high-strength mixture. Mixtures
proportioned in accordance with ACI
613-64 exhibited very sticky char-
acteristics, resulting in the loss of
workability. To verify this modifica-
tion, various percentages of ASTM
#71 size stone aggregate were used
in trial mixtures, the results of
which are shown in Figure 7. It was
noted that the optimum amount of
coarse aggregate was not limited to
a relatively narrow range.

Many researchers indicate the
water-cement ratio is the single
most important factor affecting the
producibility of high-strength con-
crete. This is true only after selec-
tion of the optimum strength pro-
ducing materials has been made. Qur
experience has shown that adher-
ence to the following maximum
water-cement ratios is needed to
produce concrete in the 6,000 to 9,000
psi strength range. For purposes of
calculating the w-c¢ ratio of the mix-
tures, 2/3 of the weight of the fly ash
used was added to the cement con-
tent,

Strength Maximum

Specified W-C Ratio
6,000 0.38
7,500 0.36
9,000 0.34

In high-strength concrete, normal
variations in slump cannot be toler-
ated since the safety factor for this
type of concrete is not of the same
magnitude as rmoderate strength
concrete mixtures. The practical
Limits for concrete delivered by con-
ventiona! ready-mix trucks appear
to be 2%" to 3%”".

In order to design a concrete mix-
ture to comoly with the require-
ments of ACI 318, the performance
variability must be known so that an

adequate over-design strength can

be anplied. Special consideration
shou'ld be given to these pver-design
factors needed for the various
strength levels, In some cases the re-
quired average strength may be
unattainable because of a high var-
iance of test results. The ACI 318-71,
Building Code for Reinforced Com-
crete, states that the concrete will be
satisfactory if the average of all sets

of three consecutive strength test re-
sults equals or exceeds the required
strength and no individual strength
test result falls below the required
strength by more than 300 psi. Te
meet these requirements, the aver-
age strength must be higher than the
specified strength. The level of de-
sign strength is governed by the
control of the variables that effect
compressive strength. Table I illus-

_trates the influence of poor control

on the design strength needed to sat-
isfy a given specified st-ength. These
results wou'ld indicate that in most
cases a coefficient of variation of Jess
than 10% would be necessary when
producing high-strength concrete,
Values higher than this would not
only result in a very uneconomical
mixture, but may very well require
a design level which cannot be met.

Compressive strength tests show
that a considerable strength gain
after 28 days is achieved in high-
strength concrete. In order to take
advantage of this fact, specifications
for compressive strength should be
modified from the typical 28 day cri-
terion to either 56 or 90 davs. This
extension of test age would then
allow, for example, the use of 7.000

psi concrete at 56 days in lheu of
6000 psi at 28 days. In this case the
same design mixture could be used
to meet this criteria. High strength
concrete is generally used in high-
rise structures; therefore, the exten-
sion of the time for compressive
strength test results is reasonable
since the lower portion of the strue-
ture will not attain full dead load for
periods up to one year and longer.
Once the work in the laboratory
has proven the value of the various
materials and the proportions of the
mixture selected. the strength poten-
tial of the concrete is evaluated in
the field in accordance with ACI
214-68. It should be established that
the eoncrete supplier has full control
of all high-strength concrete until it
is placed in the forms. Control of the
slump, time on job. and the addition
of retempering water fall under the
jurisdiction of the concrete supplier.
Concrete should be rejected if deliv-
ery time exceeds ninety rminutes
unless the concrete can be placed
without the addition of retempering
water. The maximum concrete tem-
perature as delivered should not ex-
ceed 90°F.
concluded on page 47

Tabie I—Required Increases in Design Strength
As Coefficient of Variation Increases

Coefficient of Coefficient of Coefficient of
Specified Variation of 79, Variation of 109, Variation of 139/
Strength Standard Design Standard Design Standard Design
fc Deviation Strength Deviation Strength Deviation Strength
6000 465 &700 693 7200 943 7690
7500 581 8400 866 9010 1178 9740
3000 697 10200 1040 10920 i4l4a 11796
Table |l—Compressive Strength
Cardboard Molds vs Metal Molds
: Percent
28 Day Compressive Strength, psi Difference
Metal Motds Cardboard Molds °%
Laboratory Motded 8630 7950 - 7.8
Field Molded /182 7537 - 79
Field Coefficient
Of Variation 7.0% 8.0% +14.3

Voiume of Dry Rodded Coarse Aggregate
Per Unit Volume of Concrete for 2.80
Fineness Modulus of Sand

Maximum Size From ACI-613-64 Modified for From ACI
of Aggregate Table & High-Strength 211.1-70
3/8" 0.42 0.61 0.46
172" 0.51 0.64 0.55
3/4" 0.6] 0.66 Q.62
1" 0.66 0.70 0.67
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High-strength concrete

concluded from page 41

A competent concrete laboratory
must be hired for testing of the con-
crete delivered to the jobsite. This
laboratory should be regularly in-
spected by the Cement and Concrete
Reference Laboratory {(CCRL) and
conform to the requirements in the
ASTM Manual of Concrete Testing.
A minimum of one set of cylinders
should be made for each 100 cu. vd.
of concrete placed, with at least two
cylinders cast for each test age; ie,
T, 28, 56, and 90 days. The 90-day
cylinders should be made for backup
data. Cylinders must be cast and
cured according with ASTM C 31,
Section 7.3.

Two types of cylinder molds were
used for the evaluation of concrete
compressive strength; cardboard
molds complying with ASTM 470-
67T, and single-use sheet metal
molds. A significant improvement in
compressive strength was noted in
the case of the single-use sheet
metal molds. Table II shows this
comparisen for both field and labo-
ratory cylinders using 7,500 psi con-
crete. Capping of cylinders must be
done with extreme precision and
only high-strength capping com-
pounds  used. All caps on high-
strength cylinders must be allowed
to develop adeqguate strength prior to
testing. The time required is de-
pendent on the capping compound
and must be determined by evalua-
tion of the strength producing
properties of the compound. The
proper selection of a capping com-
pound is important for all concrete.
In the 7,500 to 9,000 psi range, this
importance becomes much more sig-
nifieant,

Summary
1. The production of high-strength

concrete in excess of 6,000 psi places

the primary responsibility for per-
formance on the ready-mix produc-
er.
2. Portland cement of optimum
quality from a strength and work-
ability standpoint must be utilized.

3. Modification of locally available
cements may be necessary.

4. Limits on the physical proper-
ties of the cement should be estab-
lished by the ready-mix concrete
producer. .

5. A testing program must be ini-
tizted to assure cement compliance.

§. Admixtures are required. Water
reducing and retarding admixtures
and fly ash must be evaluated.

7. Admixture additional rates
should be determined by trial mix-
tures and may vary from those rec-
ommended by the manufacturer.

8. Maximum walter-cement ratio
of (.40 is required.

9, Slump range shall be 2%” to
3"

10. Grading limits established in
ASTM for coarse and fine aggregate
appear to be adequate.

11. The compressive strength in-
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creases as the maximum size aggre-
gate decreases.

12. Angular particle shape of
coarse aggregate is required.

13. Proportions of fine and coarse
aggregate must be determined
through trial mixtures.

14. Water-tight metal
melds are beneficial

15. Jobsite control must be under
the jurisdiction of the concrete sup-
plier.

16. Jobsite testing must be done
by a reputable commercial testing
laboratory. a

cylinder
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