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WARNING: Contact with wet (unhardened) concrete,
mortar, cement, or cement mixtures can cause SKIN
IRRITATION, SEVERE CHEMICAL BURNS (THIRD-
DEGREE), or SERIOUS EYE DAMAGE. Frequent expo-
sure may be associated with irritant and/or allergic con-
tact dermatitis. Wear waterproof gloves, a long-sleeved
shirt, full-length trousers, and proper eye protection when
working with these materials. If you have to stand in wet
concrete, use waterproof boots that are high enough to
keep concrete from flowing into them. Wash wet con-
crete, mortar, cement, or cement mixtures from your skin
immediately. Flush eyes with clean water immediately
after contact. Indirect contact through clothing can be as
serious as direct contact, so promptly rinse out wet con-
crete, mortar, cement, or cement mixtures from clothing.
Seek immediate medical attention if you have persistent
or severe discomfort.
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CHAPTER 1

Fundamentals of Concrete

Concrete is basically a mixture of two components: aggre-
gates and paste. The paste, comprised of portland cement
and water, binds the aggregates (usually sand and gravel
or crushed stone) into a rocklike mass as the paste hardens
because of the chemical reaction of the cement and water
(Figure 1-1). Supplementary cementitious materials and
chemical admixtures may also be included in the paste.*

Aggregates are generally divided into two groups: fine
and coarse. Fine aggregates consist of natural or manufac-
tured sand with particle sizes ranging up to 9.5 mm (% in.);
coarse aggregates are particles retained on the 1.18 mm
(No. 16) sieve and ranging up to 150 mm (6 in.) in size. The
maximum size of coarse aggregate is typically 19 mm or
25 mm (% in. or 1 in.). An intermediate-sized aggregate,
around 9.5 mm (% in.), is sometimes added to improve the
overall aggregate gradation.

Fig. 1-1. Concrete components: cement, water, fine aggre-
gate and coarse aggregate, are combined to form concrete.
(55361)

* This text addresses the utilization of portland cement in the production of
concrete. The term “portland cement” pertains to a calcium silicate hydraulic
cement produced by heating materials containing calcium, silicon,
aluminum, and iron. The term “cement” used throughout the text pertains to
portland cement or blended hydraulic cement unless otherwise stated. The
term “cementitious materials” means portland or blended cement, used with
or without supplementary cementitious materials.

Cement Water Air  Fine agg. Coarse agg.
15% 18% 8% 28% 31%
Mix 1
Air-
entrained
7% 14% 4%  24% 51% Soncen
Mix 2
Mix 3
Non-air-
entrained
7% 16% 1%  25% 51% coricrete
Mix 4

Fig. 1-2. Range in proportions of materials used in concrete,
by absolute volume. Bars 1 and 3 represent rich mixes with
small size aggregates. Bars 2 and 4 represent lean mixes
with large size aggregates.

The paste is composed of cementitious materials,
water, and entrapped air or purposely entrained air. The
paste constitutes about 25% to 40% of the total volume of
concrete. Fig. 1-2 shows that the absolute volume of cement
is usually between 7% and 15% and the water between 14%
and 21%. Air content in air-entrained concrete ranges from
about 4% to 8% of the volume.

Since aggregates make up about 60% to 75% of the
total volume of concrete, their selection is important.
Aggregates should consist of particles with adequate
strength and resistance to exposure conditions and should
not contain materials that will cause deterioration of the
concrete. A continuous gradation of aggregate particle
sizes is desirable for efficient use of the paste. Throughout
this text, it will be assumed that suitable aggregates are
being used, except where otherwise noted.

The quality of the concrete depends upon the quality
of the paste and aggregate, and the bond between the two.
In properly made concrete, each and every particle of
aggregate is completely coated with paste and all of the
spaces between aggregate particles are completely filled
with paste, as illustrated in Fig. 1-3.
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Fig. 1-3. Cross section of hardened concrete made with (left) rounded siliceous gravel and (right) crushed limestone. Cement-
and-water paste completely coats each aggregate particle and fills all spaces between particles. (1051, 1052)

For any particular set of materials and conditions of
curing, the quality of hardened concrete is strongly influ-
enced by the amount of water used in relation to the
amount of cement (Fig. 1-4). Unnecessarily high water con-
tents dilute the cement paste (the glue of concrete).
Following are some advantages of reducing water content:

¢ Increased compressive and flexural strength
* Lower permeability, thus lower absorption and in-
creased watertightness
* Increased resistance to weathering
* Better bond between concrete and reinforcement
* Reduced drying shrinkage and cracking
* Less volume change from wetting and drying
The less water used, the better the quality of the
concrete—provided the mixture can be consolidated prop-
erly. Smaller amounts of mixing water result in stiffer
mixtures; but with vibration, stiffer mixtures can be easily
placed. Thus, consolidation by vibration permits improve-
ment in the quality of concrete.

I

25 30 35 40 45 50 55 60 65 .70

Fig. 1-4. Ten cement-paste cylinders with water-cement
ratios from 0.25 to 0.70. The band indicates that each
cylinder contains the same amount of cement. Increased
water dilutes the effect of the cement paste, increasing
volume, reducing density, and lowering strength. (1071)

The freshly mixed (plastic) and hardened properties of
concrete may be changed by adding chemical admixtures
to the concrete, usually in liquid form, during batching.
Chemical admixtures are commonly used to (1) adjust
setting time or hardening, (2) reduce water demand, (3) in-
crease workability, (4) intentionally entrain air, and (5) ad-
just other fresh or hardened concrete properties.

After completion of proper proportioning, batching,
mixing, placing, consolidating, finishing, and curing, con-
crete hardens into a strong, noncombustible, durable, abra-
sion-resistant, and watertight building material that re-
quires little or no maintenance. Furthermore, concrete is an
excellent building material because it can be formed into a
wide variety of shapes, colors, and textures for use in an
unlimited number of applications.

FRESHLY MIXED CONCRETE

Freshly mixed concrete should be plastic or semifluid and
generally capable of being molded by hand. A very wet
concrete mixture can be molded in the sense that it can be
cast in a mold, but this is not within the definition of “plas-
tic”—that which is pliable and capable of being molded or
shaped like a lump of modeling clay.

In a plastic concrete mixture all grains of sand and
pieces of gravel or stone are encased and held in suspen-
sion. The ingredients are not apt to segregate during trans-
port; and when the concrete hardens, it becomes a
homogeneous mixture of all the components. During plac-
ing, concrete of plastic consistency does not crumble but
flows sluggishly without segregation.

In construction practice, thin concrete members and
heavily reinforced concrete members require workable, but
never soupy, mixes for ease of placement. A plastic mixture
is required for strength and for maintaining homogeneity
during handling and placement. While a plastic mixture is
suitable for most concrete work, plasticizing admixtures
may be used to make concrete more flowable in thin or
heavily reinforced concrete members.



Mixing

In Fig. 1-1, the basic components of concrete are shown
separately. To ensure that they are combined into a homo-
geneous mixture requires effort and care. The sequence of
charging ingredients into a concrete mixer can play an im-
portant part in uniformity of the finished product. The
sequence, however, can be varied and still produce a qual-
ity concrete. Different sequences require adjustments in the
time of water addition, the total number of revolutions of
the mixer drum, and the speed of revolution. Other impor-
tant factors in mixing are the size of the batch in relation to
the size of the mixer drum, the elapsed time between batch-
ing and mixing, and the design, configuration, and condi-
tion of the mixer drum and blades. Approved mixers,
correctly operated and maintained, ensure an end-to-end
exchange of materials by a rolling, folding, and kneading
action of the batch over itself as concrete is mixed.

Workability

The ease of placing, consolidating, and finishing freshly
mixed concrete and the degree to which it resists segrega-
tion is called workability. Concrete should be workable but
the ingredients should not separate during transport and
handling (Fig. 1-5).

The degree of worka-
bility required for proper
placement of concrete is
controlled by the place-
ment method, type of con-
solidation, and type of
concrete. Different types of
placements require differ-
ent levels of workability.

Factors that influence
the workability of concrete
are: (1) the method and
duration of transportation;
(2) quantity and character-
istics of cementitious ma-
terials; (3) concrete consis-
tency (slump); (4) grading,
shape, and surface texture
of fine and coarse aggre-
gates; (5) entrained air; (6)
water content; (7) concrete
and ambient air temperatures; and (8) admixtures. A uni-
form distribution of aggregate particles and the presence of
entrained air significantly help control segregation and
improve workability. Fig. 1-6 illustrates the effect of casting
temperature on the consistency, or slump, and potential
workability of concrete mixtures.

Properties related to workability include consistency,
segregation, mobility, pumpability, bleeding, and finishabil-
ity. Consistency is considered a close indication of workabil-
ity. Slump is used as a measure of the consistency or wetness
of concrete. A low-slump concrete has a stiff consistency. If

Fig. 1-5. Workable concrete
should flow sluggishly into
place without segregation.
(59292)
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Casting temperature, °F
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Casting temperature, °C

Fig. 1-6. Effect of casting temperature on the slump (and
relative workability) of two concretes made with different
cements (Burg 1996).

the consistency is too dry and harsh, the concrete will be
difficult to place and compact and larger aggregate particles
may separate from the mix. However, it should not be
assumed that a wetter, more fluid mix is necessarily more
workable. If the mix is too wet, segregation and honey-
combing can occur. The consistency should be the driest
practicable for placement using the available consolidation
equipment. See Powers (1932) and Scanlon (1994).

Bleeding and Settlement

Bleeding is the development of a layer of water at the top or
surface of freshly placed concrete. It is caused by sedimen-
tation (settlement) of solid particles (cement and aggregate)
and the simultaneous upward migration of water (Fig. 1-7).
Bleeding is normal and it should not diminish the quality of
properly placed, finished, and cured concrete. Some bleed-
ing is helpful to control plastic shrinkage cracking.

Fig. 1-7. Bleed water on the surface of a freshly placed
concrete slab. (P29992)



Design and Control of Concrete Mixtures « EB001

Excessive bleeding increases the
water-cement ratio near the top surface;
a weak top layer with poor durability
may result, particularly if finishing oper-
ations take place while bleed water is
present. A water pocket or void can
develop under a prematurely finished
surface.

After evaporation of all bleed water,
the hardened surface will be slightly
lower than the freshly placed surface.
This decrease in height from time of
placement to initial set is called settle-
ment shrinkage.

The bleeding rate and bleeding Fig. 1-8. Good consolidation (left) is needed to achieve a dense and durable
capacity (total settlement per unit of concrete. Poor consolidation (right) can result in early corrosion of reinforcing
original concrete height) increases with Steel and low compressive strength. (70016, 68806)

initial water content, concrete height,

and pressure. Use of properly graded aggregate, certain
chemical admixtures, air entrainment, supplementary ce-
mentitious materials, and finer cements, reduces bleeding.
Concrete used to fill voids, provide support, or provide
watertightness with a good bond should have low bleed-
ing properties to avoid formation of water pockets. See
Powers (1939), Steinour (1945), and Kosmatka (1994).

Consolidation

Vibration sets into motion the particles in freshly mixed
concrete, reducing friction between them, and giving the
mixture the mobile qualities of a thick fluid. The vibratory
action permits use of a stiffer mixture containing a larger
proportion of coarse and a smaller proportion of fine aggre-
gate. The larger the maximum size aggregate in concrete
with a well-graded aggregate, the less volume there is to fill
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Fig. 1-9. Effect of voids in concrete due to a lack of consoli-
dation on modulus of elasticity, compressive strength, and
flexural strength.

with paste and the less aggregate surface area there is to
coat with paste; thus less water and cement are needed.
Concrete with an optimally graded aggregate will be easier
to consolidate and place (Fig. 1-8 left). Consolidation of
coarser as well as stiffer mixtures results in improved qual-
ity and economy. On the other hand, poor consolidation can
result in porous, weak concrete (Fig. 1-9) with poor durabil-
ity (Fig. 1-8 right).

Mechanical vibra-
tion has many advan-
tages. Vibrators make it
possible to economi-
cally place mixtures
that are impractical to
consolidate by hand
under many conditions.
As an example, Fig.
1-10 shows concrete of a
stiff consistency (low
slump). This concrete
was mechanically vi-
brated in forms contain-
ing closely spaced rein-
forcement. With hand
rodding, a much wetter
consistency would have
been necessary.

Fig. 1-10. Concrete of a stiff
consistency (low slump). (44485)

Hydration, Setting Time, and Hardening

The binding quality of portland cement paste is due to the
chemical reaction between the cement and water, called
hydration.

Portland cement is not a simple chemical compound, it
is a mixture of many compounds. Four of these make up
90% or more of the weight of portland cement: tricalcium
silicate, dicalcium silicate, tricalcium aluminate, and tetra-
calcium aluminoferrite. In addition to these major com-
pounds, several others play important roles in the hydration
process. Each type of portland cement contains the same
four major compounds, but in different proportions.



When clinker (the kiln product that is ground to make
portland cement) is examined under a microscope, most of
the individual cement compounds can be identified and
their amounts determined. However, the smallest grains
elude visual detection. The average diameter of a typical
cement particle is approximately 15 micrometers. If all
cement particles were average, portland cement would
contain about 300 billion particles per kilogram, but in fact
there are some 16,000 billion particles per kilogram because
of the broad range of particle sizes. The particles in a kilo-
gram of portland cement have a surface area of approxi-
mately 400 square meters.

The two calcium silicates, which constitute about 75%
of the weight of portland cement, react with water to form
two new compounds: calcium hydroxide and calcium sili-
cate hydrate. The latter is by far the most important cement-
ing component in concrete. The engineering properties of
concrete—setting and hardening, strength, and dimen-
sional stability—depend primarily on calcium silicate
hydrate. It is the heart of concrete.

The chemical composition of calcium silicate hydrate is
somewhat variable, but it contains lime (CaO) and silicate
(SiO») in a ratio on the order of 3 to 2. The surface area of
calcium silicate hydrate is some 300 square meters per
gram. In hardened cement paste, the calcium silicate
hydrate forms dense, bonded aggregations between the
other crystalline phases and the remaining unhydrated
cement grains; they also adhere to grains of sand and to
pieces of coarse aggregate, cementing everything together
(Copeland and Schulz 1962).

As concrete hardens, its gross volume remains almost
unchanged, but hardened concrete contains pores filled
with water and air that have no strength. The strength is in
the solid part of the paste, mostly in the calcium silicate
hydrate and crystalline compounds.

The less porous the cement paste, the stronger the
concrete. When mixing concrete, therefore, no more water
than is absolutely necessary to make the concrete plastic
and workable should be used. Even then, the water used is
usually more than is required for complete hydration of the
cement. About 0.4 grams of water per gram of cement are
needed to completely hydrate cement (Powers 1948 and
1949). However, complete hydration is rare in field
concrete due to a lack of moisture and the long period of
time (decades) required to achieve complete hydration.

Knowledge of the amount of heat released as cement
hydrates can be useful in planning construction. In winter,
the heat of hydration will help protect the concrete against
damage from freezing temperatures. The heat may be harm-
ful, however, in massive structures such as dams because it
may produce undesirable temperature differentials.

Knowledge of the rate of reaction between cement and
water is important because it determines the rate of hard-
ening. The initial reaction must be slow enough to allow
time for the concrete to be transported and placed. Once
the concrete has been placed and finished, however, rapid
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Fig. 1-11. Initial and final set times for a concrete mixture at
different temperatures (Burg 1996).

hardening is desirable. Gypsum, added at the cement mill
when clinker is ground, acts as a regulator of the initial rate
of setting of portland cement. Other factors that influence
the rate of hydration include cement fineness, admixtures,
amount of water added, and temperature of the materials
at the time of mixing. Fig. 1-11 illustrates the setting prop-
erties of a concrete mixture at different temperatures.

HARDENED CONCRETE
Curing

Increase in strength with age continues provided (1) un-
hydrated cement is still present, (2) the concrete remains
moist or has a relative humidity above approximately 80%
(Powers 1948), (3) the concrete temperature remains favor-
able, and (4) sufficient space is available for hydration prod-
ucts to form. When the relative humidity within the concrete
drops to about 80%, or the temperature of the concrete drops
below freezing, hydration and strength gain virtually stop.
Fig. 1-12 illustrates the relationship between strength gain
and moist curing, while Fig. 1-13 illustrates the relationship
between strength gain and curing temperature.

If concrete is resaturated after a drying period, hydra-
tion is resumed and strength will again increase. However,
it is best to moist-cure concrete continuously from the time
it is placed until it has attained the desired quality; once
concrete has dried out it is difficult to resaturate. Fig. 1-14
illustrates the long-term strength gain of concrete in an
outdoor exposure. Outdoor exposures often continue to
provide moisture through ground contact and rainfall.
Indoor concretes often dry out after curing and do not
continue to gain strength (Fig. 1-12).
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Fig. 1-12. Concrete strength increases with age as long as
moisture and a favorable temperature are present for
hydration of cement (Gonnerman and Shuman 1928).
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Fig. 1-13. Effect of casting and curing temperature on
strength development. Note that cooler temperatures result
in lower early strength and higher later strength (Burg,
1996).

Drying Rate of Concrete

Concrete does not harden or cure by drying. Concrete (or more
precisely, the cement in it) needs moisture to hydrate and
harden. When concrete dries out, it ceases to gain strength; the
fact thatitis dry is no indication that it has undergone sufficient
hydration to achieve the desired physical properties.
Knowledge of the rate of drying is helpful in under-
standing the properties or physical condition of concrete.
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Fig. 1-14. Concrete strength gain versus time for concrete
exposed to outdoor conditions. Concrete continues to gain
strength for many years when moisture is provided by
rainfall and other environmental sources (Wood 1992).

For example, as mentioned, concrete must continue to hold
enough moisture throughout the curing period for the
cement to hydrate to the extent that desired properties are
achieved. Freshly cast concrete usually has an abundance
of water, but as drying progresses from the surface inward,
strength gain will continue at each depth only as long as
the relative humidity at that point remains above 80%.

A common illustration of this is the surface of a
concrete floor that has not had sufficient moist curing.
Because it has dried quickly, concrete at the surface is weak
and traffic on it creates dusting. Also, when concrete dries,
it shrinks as it loses water (Fig. 1-15), just as wood and clay
do (though not as much). Drying shrinkage is a primary
cause of cracking, and the width of cracks is a function of
the degree of drying, spacing or frequency of cracks, and
the age at which the cracks occur.

While the surface of a concrete element will dry quite
rapidly, it takes a much longer time for concrete in the inte-
rior to dry. Fig. 1-15 (top) illustrates the rate of drying at
various depths within concrete cylinders exposed to labo-
ratory air. Field concrete elements would have different
drying profiles due to environmental conditions, size
effects, and concrete properties.

The moisture content of concrete depends on the
concrete’s constituents, original water content, drying
conditions, and the size of the concrete element (Heden-
blad 1997 and 1998). After several months of drying in air
with a relative humidity of 50% to 90%, moisture content is
about 1% to 2% by mass of the concrete. Fig. 1-15 illustrates
moisture loss and resulting shrinkage.

Size and shape of a concrete member have an impor-
tant bearing on the rate of drying. Concrete elements with
large surface area in relation to volume (such as floor slabs)



