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In relation to the study of evaporable water, the article provides these definitions: “The
taking up of moisture from the atmosphere will be referred to as adsorption, and the
reverse will be called desorption, even though other processes might be involved. [...]
When speaking of both processes collectively or of the processes in general without
specifying the direction of moisture change, the term sorption will be used.”

Regarding the curing period of a cement paste, the following points are noted:

e “The total water held at saturation...increases as the length of the curing period
increases.”

e “The non-evaporable water content also increases.”

e “The amount of water held at any intermediate vapor pressure increases with the
length of the curing period.”

e “The evaporable water content, which is the difference between the total and the non-
evaporable water, decreases as the length of the curing period increases.”

With respect to hydration, when the length of time of moist curing increases, the total
evaporable water decreases and the amount held at low vapor pressures increases. Also, it
is noted that: “Since the total evaporable water may be taken as a measure of the total
porosity of the hardened paste,...the amount of water held at vapor pressures near the
saturation pressure depends on the porosity of the sample.”

Data from laboratory studies reported in this article show that “...with any given cement
the adsorption at low vapor pressure (any pressure below about 0.4 p,) is directly
proportional to the extent of hydration as measured by the non-evaporable water content.”
[ps= pressure of saturated vapor]

The following information is extracted from the summary of this article:

e “The water in saturated hardened cement is classified as evaporable and non-
evaporable. [...] The pores in a hardened paste are defined as those spaces occupied by
evaporable water.”

e “Adsorption and desorption curves from the same sample present a so-called
hysteresis loop similar to those found for other materials. In addition, the curves show
some features of irreversibility not commonly found among other materials.”

e “For a given cement the amount of evaporable water held at any pressure up to about

0.4 p, is directly proportional to the non-evaporable water content. The
proportionality constant is different for cements of different type.”
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e  “Results show that curing at high temperature and pressure produces adsorption
characteristics radically different from those observed in specimens cured in the
ordinary way.”

2.12 PART 3. THEORETICAL INTERPRETATION OF ADSORPTION DATA,
Journal of the American Concrete Institute, Vol. 18, No. 4, December 1946, pp.
469-504.

Different theories have been advocated in the past to explain the taking up of gases and
vapors by solid materials. Perhaps the most useful is the theory of Brunauer, Emmett, and
Teller, commonly called the multimolecular-adsorption theory, or the B.E.T. theory, as it
is frequently abbreviated.

The taking up of a gas by a solid is believed to be caused by the physical attraction that
occurs between the molecules of the gas and the surface molecules of the solid.

According to the B.E.T. theory, at any given vapor pressure, the amount adsorbed is
directly proportional to the surface area of the solid.

The basis of the capillary-condensation theory used in the study of cement paste is the
realization that the surface of a liquid is the seat of available energy.

This conclusion is stated: “When adsorption of a vapor occurs in a porous solid of
granular or fibrous structure, the liquid surfaces are certain not to be plane. They will be
concave, at least in some regions. Therefore, the free surface energy of the solid and the
free surface energy of the condensed liquid must both be causes of condensation.”

In the analysis of cement paste, “...the pores are considered to be the spaces vacated by
evaporable water when the sample is dried. The drying may be accompanied by
irreversible shrinkage so that the dried sample may not faithfully represent the original
paste.”

For specimens of sufficiently low water-cement ratio, it has been determined that curing
is capable of eliminating all capillary water.

The following points are extracted from the summary of the article:
e “The evaporable-water capacity is smaller the lower the original water-cement ratio
and the longer the period of curing, but it cannot be reduced below about 4V,.” [V,,=

quantity of water required for a complete condensed layer on the solid, the layer being
1 molecule deep]

14




o “Evaporable water in excess of 4V, is believed to occupy interstitial space not filled
by gel or other hydration products. The water in this space is called capillary water.
The rest of the evaporable water is held within the characteristic voids of the gel and
is called gel-water even though some of it might have been taken up by capillary
condensation.”

e “When the total evaporable-water capacity = 4V, the specimen contains no space for
capillary water.”

2.13 PART 4. THE THERMODYNAMICS OF ADSORPTION OF WATER ON
HARDENED PASTE, Journal of the American Concrete Institute, Vol. 18, No.
5, January 1947, pp. 549-602.

This portion of the studies relates to the energy changes that occur when water is
adsorbed by hardened cement paste.

Test results show the heat of hydration is directly proportional to the non-evaporable
water content of a cement paste.

The heat of hydration may be depicted as developing in the following way:

1. “Chemical reactions between the cement and water in the fresh paste produce new
solid phases in which the non-evaporable water is an integral part. These reactions
release a definite amount of heat for each unit of water combined, but the amount is
different for cements of different chemical composition.”

2. “As the new solid phases (the reaction products) form, they adsorb water and the heat
of adsorption is released.”

3. “The total heat of hydration is the sum of the heat of combination of the non-
evaporable water and the net heat of adsorption....”

The total net heat of adsorption of the evaporable water in a given paste has been found to
be about }; of the total heat of hydration.

Concemning adsorption, the authors state: “It seems reasonable to regard the net heat of
adsorption as representing the result of changes in the internal structure of the water
(changes in the association and orientation of the molecules) and in the potential energy
of the water molecules caused by the mutual attraction between the water molecules and
the surface. The surface of the solid probably remains structurally unchanged.”

Adsorption will occur in a cement paste when “...the free energy of the free water or free
vapor is greater than the free energy of the adsorbed or capillary condensed water.”
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Swelling within the gel is described as follows: “When some kinds of gel are placed in
contact with a suitable liquid, they imbibe liquid and swell until they have become
molecular or colloidal solutions. This is called unlimited swelling. The same gels with
another type of liquid may imbibe only a limited amount and show correspondingly
limited swelling.”

The specific characteristics of portland cement gel are described as follows: “Portland
cement gel in water belongs to the limited-swelling class. Like other gels of its class, it is
not able to swell beyond the dimensions established at the time of formation. However, it
will shrink on loss of evaporable water and swell when evaporable water is regained.”
Cement gel undergoes a permanent shrinkage on first drying, so that only a portion of the
initial shrinkage is capable of being reversed.

With regard to the volumetric behavior of cement paste and concrete, the authors state:
“The gel in the paste is not composed of discrete particles but is apparently a coherent,
porous mass held together by solid-to-solid bonds. Moreover, it contains microcrystals
and aggregate particles that resist the shrinkage of the gel. Consequently, swelling (or
shrinkage) in concrete is partially opposed by elastic forces developed throughout the
mass....”

From the study of shrinkage and swelling characteristics, “...it would appear that the
over-all volume change of the paste should be proportional to the change in spacing of
the solid bodies that are held apart by adsorbed water. This spacing should decrease as
adsorbed water is withdrawn and increase as adsorbed water is added.”

The shrinkage and swelling that occur in rigid porous bodies that experience volume
changes much smaller than the corresponding changes in water content can be thought of
as capillary phenomena.

Also stated in relation to volume changes: “When concrete undergoes shrinkage for the
first time, it is unable to regain its original dimensions when it becomes resaturated. This
can be accounted for in terms of the capillary theory by assuming that the stresses of
shrinkage cause plastic flow in the solid phase. Hence, the permanent shrinkage, that is,
the irreversible part of the initial shrinkage, can be regarded as permanent set.”

On the subject of free energy, the authors state: “...inequalities in stress and strain
produce inequalities in the free energies of both the adsorbed water and capillary water
and thereby induce redistributions of moisture within the mass. This...is an important
factor in the gradual yielding of concrete under sustained stress known as creep or plastic
flow. The changes in moisture distribution cause localized shrinkings and swellings with
consequent changes in the deformation of the body as a whole.”

When temperature gradients are present in a concrete mass, water will migrate in the
direction of descending temperatures.
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Other effects due to movement are mentioned: “...movement of water...is accompanied by
shrinkage in the regions where the temperature is increased which tends to offset the
expansion due to swelling and thermal expansion. Conversely, in the regions where the
temperature is lowered, swelling tends to offset the shrinkage and thermal contraction.”

It seems clear “...that deformations of the solid phase and temperature changes together or
separately cause moisture movements in concrete.” When concrete is “...subjected to
changing external forces or temperature or both, the evaporable water must be in a
continual state of flux. If the ambient humidity also fluctuates, the internal moisture
movements are still further complicated. Possibly these effects have an influence on the
ability of concrete to withstand weathering.”

Pertinent information from the summary of this article include the following:

e “The total net heat of adsorption of hardened paste is approximately equal to the heat
of immersion of the adsorbent.”

e “Among portland cements of all types the total heat of hydration ranges from about
485 to 550 cal per g of non-evaporable water.” Tests “...indicate that of this amount
about three-fourths is due to the heat of reaction of the non-evaporable water and the
rest is due to the net heat of adsorption of the evaporable water.”

e “Cement gel belongs to the limited swelling class of gels.”

e “The order of magnitude of the total volume change of hardened cement paste can be
accounted for on the assumption that the change is due to the removal or addition of
the first layer of adsorbed water molecules.”

o Tests show “...volume change is directly proportional to a part of the total change in
water content.” Research data has shown “...that volume change is independent of the
change in capillary-water content.” Data from this paper “...suggest that volume
change may be proportional to the change in gel-water content, rather than to the
change in the first layer only.”

e “Changes in external forces and changes in ambient temperature and humidity keep
the evaporable water of a partially saturated specimen in a continual state of flux.
This possibly influences durability.”

2.14 PART 5. STUDIES OF THE HARDENED PASTE BY MEANS OF
SPECIFIC-VOLUME MEASUREMENTS, Journal of the American Concrete
Institute, Vol. 18, No. 6, February 1947, pp. 669-712.

The importance of non-evaporable water is described: “The non-evaporable water is
regarded as an integral part of the solid phase in hardened cement paste. In becoming a
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part of the solid material some or all of it may have lost its identity as water.
Nevertheless, the absolute volume of the solid phase can be considered as being equal to
the original volume of the cement plus the volume of the non-evaporable water.”

About capillary water, the authors state: “...any capillary water present will either be in a
state of tension or under no stress at all. If the specimen is not saturated, so that the vapor
pressure of the contained water is less than p; but more than about 0.45 p,, capillary water
will be present and under tension. [...] If the paste is saturated, so that p = p,, the capillary
water will be under no tension.”

The total water content of a cement paste is comprised of two components. One
component is the free water, and the other one is the water having a mean specific volume
less than 1.0.

An important experimental finding is “...that the non-evaporable water cannot become
more than about one-half the total water content of a saturated paste.”

Concerning the specific volume of the non-evaporable water, it “...may have no literal
significance, since at least a part of the non-evaporable water probably loses its identity
when it enters into chemical combination with the cement constituents.”

Tests show “...that during the first month or so the average rate of hydration of a given
cement is greater the greater the original water-cement ratio. After the first 3 months the
rate is very slow.” Results also show that “...even with the slow hardening cements,
hydration virtually ceases within a year.”

The authors list the following important results from their work:

e “Pastes in which the original cement constitutes more than 45 percent of the over-all
volume cannot become hydrated to the same extent as pastes containing less cement.
In terms of weight ratio, this means that if w,/c is less than 0.40, ultimate hydration
will be restricted.” [w,/c = original water-cement ratio}

e “The average rate of hydration is lower the lower w,/c. Therefore, the age-strength
relationship for ordinary concrete cannot be the same as that for standard test pieces

of low w,/c.”

e “The substance that gives concrete its strength and hardness is the solid material
formed by the hydration of portland cement.”

e “The hydraulic radius of the pores in the paste and the porosity are smaller the smaller
the proportion of capillary space in the hardened paste.”
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e “The permeability of hardened pastes to fluids under external pressure probably
depends almost entirely on the proportion of capillary water, owing to the extreme
smallness of the gel-pores.”

The closing of this article contains this summary statement concerning a saturated
specimen:

“The total water in a saturated specimen can be divided into two categories: (a) that
which has a specific volume less than 1.0; (b) that which has a specific volume equal to
1.0. All the water having a specific volume less than unity is called compressed water. It
comprises the non-evaporable water and a part of the evaporable water.”

2.15 PART 6. RELATION OF PHYSICAL CHARACTERISTICS OF THE
PASTE TO COMPRESSIVE STRENGTH, Journal of the American Concrete
Institute, Vol. 18, No. 7, March 1947, pp. 845-865.

Concerning strength gain in the cement paste, the authors state: “We may tentatively
assume that the increase in strength that accompanies an increase in extent of hydration is
a function of the increase in the volume of the solid phase per unit of volume of initially
water-filled space.”

All indications are that the increase in strength of the paste is directly proportional to the
increase in V_/w, and is independent of age, original water-cement ratio, or identity of
cement.

The strength of hardened paste is influenced by its chemical constitution as well as its
gel-space ratio.

With respect to steam curing, it was shown “...that the relation of /' to V_/w, found for
specimens cured at one temperature and pressure will not hold at another widely different
temperature and pressure.”

Test “...data indicate that among specimens cured at different temperatures ranging from
21 to 177 °C (70 to 350 °F), the properties of the specimens show no differences that are
disproportionate to the difference in curing temperature.” It is concluded “...that the f, -
vs.-V,,/w, relationship must change progressively as the temperature of curing is
increased above normal. Presumably, it would change also if the temperature were
lowered.”

“Wemer and Giertz-Hedstrom [in 1931] found that strength could be expressed as a
function of the volume of solid phase per unit volume of hardened paste. The solid phase
was defined as the volume of the original cement plus the water that is not evaporable in
the presence of concentrated H,SO,.”
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Giertz-Hedstrom concluded in 1938 that, as an approximation, strength could be
considered to be a function of the degree of hydration and independent of the kind of
cement.

“Any attempt to express the strength of concrete or mortar as a function of only one
independent variable is certain to meet with but limited success at best, for the reason that
more than one independent variable is involved.”

The air content of the paste has some impact on the strength developed, the higher the air
content the lower the strength, other factors being equal.

On the effect of aggregates, the authors state “...although pertinent data are lacking, we
may surmise that the strengths of adhesion between the hardened paste and the aggregate
differ among concretes made with aggregates of different mineral composition. This will
account for differences in strength, especially tensile strength.”

“When cements of ordinary C;A content are compared, the findings show that the
strength at a given V/w, is highest for the low-C;A cements. It should be noted that
this observation does not pertain to the rate of hydration or the rate of strength
development. Cements high in C;A usually hydrate more rapidly and develop higher
early strengths than those low in C;A.” This “...means that when two pastes of the same
original water-cement ratio reach the same degree of hydration, as indicated by their gel-
space ratios, the cement having the lower C;A content will probably have the higher

strength.”

2.16 PART 7. PERMEABILITY AND ABSORPTIVITY, Journal of the American
Concrete Institute, Vol. 18, No. 7, March 1947, pp. 865-880.

“For cement pastes, the total porosity, €, may be taken as being equal to the volume of the
total evaporable water.”

It is reasonable to assume that well cured, neat paste of low water-cement ratio is
practically impermeable.

“Introduction of aggregate particles into paste tends to reduce the permeability by
reducing the number of channels per unit gross cross-section and by lengthening the path
of flow per unit linear distance in the general direction of flow. However, during the
plastic period, the paste settles more than the aggregate and thus fissures under the
aggregate particles develop. In saturated concrete these fissures are paths of low
resistance to hydraulic flow and thus increase the permeability of the concrete. In general,
with paste of a given composition and with graded aggregate the permeability is greater
the larger the maximum size of the aggregate.”
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The authors also state: “...for well cured concretes having water-cement ratios above
about 0.5, the permeability is determined largely by the by-passes around the gel and the
by-passes around the paste in the concrete structure as a whole.”

The term “absorptivity” can be considered to be the characteristic rate at which dry or
partially dry paste absorbs water in the absence of any type of external hydraulic pressure.

“For pastes containing capillary space outside the gel, it is believed that the water is taken
in by two different processes. The water enters the capillary system under the influence of
capillary force, i.e., surface tension. Probably most of the water entering the gel, if not all,
is drawn by adsorption forces.”

The summary from this article states the following:

o “The permeability of concrete is generally much higher than the theoretical
permeability owing to fissures under the aggregate that permit the flow partially to
by-pass the paste and owing to the capillaries in the paste that permit the flow in the
paste to by-pass the gel.”

e From the study of absorptivity, indications are “...that the initial absorption takes
place almost exclusively in the capillaries outside the gel, when such capillaries are
present.”

2.17 PART 8. THE FREEZING OF WATER IN HARDENED PORTLAND
CEMENT PASTE, Journal of the American Concrete Institute, Vol. 18, No. 8,
April 1947, pp. 933-969.

This part, of the overall studies reported in this series of articles, contains data on the
amount of ice that can exist in hardened portland cement paste under given conditions.

“From the fact that the evaporable water in hardened paste exhibits different vapor
pressures when the sample is at different degrees of saturation, we could anticipate the
known fact that not all evaporable water in a saturated paste can freeze or melt at a fixed
temperature.”

“It is clear...that the evaporable water in a saturated hardened paste will not begin to
freeze at 0 °C (32 °F) because of its content of dissolved hydroxides. Moreover, when
freezing begins, and pure ice separates from the solution, the solution becomes more
concentrated and thus the freezing point is lowered further. It follows that the evaporable
water will freeze progressively as the temperature is lowered.”

“The maximum amount of water in a saturated paste that may be frozen at a given
temperature may be estimated from the non-evaporable and total water contents.”

21




“As would be expected, the final melting point, that is, the highest temperature at which
ice can exist in a specimen of hardened paste, is lower the lower the degree of saturation
of the specimen.”

The summary of this article contains the following information:

e “The final melting point in a saturated paste (temperature at which the last increment
of ice disappears) ranged from -0.05 to -1.6 °C (31.9 to 29.1 °F). The temperature
seemed to depend on the alkali content of the cement, the higher the alkali content,
the lower the final melting point.”

o “The ice is believed to form in the capillary space outside the gel. It is unlikely that
the gel water freezes in place, although, at low temperatures, it contributes to the ice.”

e “When a paste is not fully saturated, the final melting point is lower than that for the
same paste when saturated.” The maximum amount of freezable water in a paste at a
given degree of saturation can be estimated fairly accurately from the 25 °C (77 °F)
sorption isotherm and the phase equilibrium diagram for water and ice.

2.18 PART 9. GENERAL SUMMARY OF FINDINGS ON THE PROPERTIES OF
HARDENED PORTLAND CEMENT PASTE, Journal of the American
Concrete Institute, Vol. 18, No. 8, April 1947, pp. 971-992.

In this article, the final part of this series of papers, the concepts concerning the
characteristics of hardened paste that have emerged from this study are summarized. All
the data and relationships discussed in this summary article are applicable only to
specimens cured continuously at about 21 °C (70 ° F).

“The hardened paste is considered to be not a continuous, homogeneous solid, but rather
to be composed of a large number of primary units bound together to form a porous
structure.” The studies being reported indicate “...that many significant characteristics are
dependent not primarily on chemical constitution but rather on the physical state of the
solid phase of the paste and its inherent attraction for water.”

“The extreme smallness of the structural units of the paste, the smallness of the interstitial
spaces, and the strong attraction of the solid units for water account for the fact that
changes in ambient conditions are always accompanied by changes in the moisture
content of the hardened paste; moreover, these factors account for the changes in volume,
strength, and hardness that accompany changes in moisture content.”

The pores in hardened portland cement paste are usually defined as the space in the paste

that may be occupied by evaporable water. These pores (exclusive of entrained air) are
made up of two types: capillary pores and gel pores.
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“Before hydration begins, and during the time when the paste remains plastic, a cement
paste is a very weak solid held together by forces of interparticle attraction. [...] The
water-filled spaces between the particles constitute an interconnected capillary system.”

“With an average Type I cement, capillary pores will be present, even at ultimate
hydration in any paste having an original water-cement ratio greater than about 0.44 by
weight.”

Concerning the size of pores, “...results of absorptivity tests indicate that the capillary
pores are very much larger than the gel pores, except perhaps in pastes in which the gel
nearly fills the available space.”

“A saturated, hardened paste is permeable to water. Under a given pressure gradient and
at a given temperature, the rate of flow is a function of the effective hydrauhc radius of
the pores and the effective porosity.”

Cement gel can be characterized as having approximately the same degree of
permeability as granite.

For pastes containing a lot of capillary space outside the gel, “...actual permeability
exceeds the theoretical by a wide margin. This is believed to indicate that in such pastes
the flow is predominantly in the relatively large capillary pores outside the gel.”

“The permeability of concrete is generally greater than can be accounted for from the
actual permeability of the paste....” Indications are “...that the water is able to flow
through the fissures that develop under the aggregate during the bleeding period and thus
to partially by-pass the paste.”

The characteristic rate at which a dry specimen absorbs water is referred to as the
absorptivity of the material. Tests have demonstrated that the initial absorption of water
by a dried specimen occurs almost completely in the capillary spaces outside the gel.

“In a saturated, hardened cement paste, three classes of water are...recognized:
1. non-evaporable water

2. gel water, and

3. capillary water.”

“Non-evaporable water is defined as that part of the total that has a vapor pressure of not
over about 6 x 10 mm Hg at 23 °C (73.4 °F). It is a constituent of the solid material in
the paste.”

“The gel water is that contained in the pores of the gel. The pores in the gel are so small

that most if not all the gel water is within the range of the van der Waal surface forces of
the solid phase.”
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“The weight of gel water in a saturated paste is equal to 4V , where V,, is the weight
required to form a complete monomolecular adsorbed layer on the solid phase.”

“Like the gel water, the capillary water is really a solution of alkalies and other salts. The
capillary water is that which occupies space in the paste other than the space occupied by
the solid phase together with characteristic pores of the gel.”

It has been shown that almost all the capillary water in the paste is found beyond the
range of the surface forces of the solid phase. “Hence, in a saturated paste, the capillary
water is under no stress and its specific volume is the same as the normal specific volume
of a solution having the same composition as the capillary water.”

In a partially saturated paste, the capillary water will experience some tensile stress. “This
stress is due to curvature of the air-water interface and the surface tension of the water.”

“The quantity of gel water always bears a fixed ratio to the quantity of hydration
products, whereas the quantity of capillary water is determined by the porosity of the
paste.”

“Microscopic observation of hardened paste indicates that only Ca(OH), crystals and
unhydrated residues of the original cement grains can readily be identified.”

Examinations of the pores in the hardened paste with respect to size and volume “...
indicate that the solid material is finely subdivided, though the solid units are obviously
bonded to each other. [...] Since a gel is defined as a coherent mass of colloidal material,
it follows that the principal constituent of hardened paste is a gel, called cement gel.”

The cement gel is a composition of the various products of the hydration process
including all the principal oxides: CaO, SiO,, Al,0,, and Fe,0;.

“When cement and water react, the total amount of heat evolved is directly proportional
to the total amount of non-evaporable water in the paste.”

“The net heat of surface adsorption is the amount of heat in excess of the normal heat of
liquefaction that is evolved when water vapor interacts with the solid phase.”

“Adsorption at low vapor pressures causes the solid phase to become covered with a film
of water having a surface area presumably equal to the covered area of the solid phase. At
pressures above 0.45p, adsorption is accompanied by capillary condensation which
progressively diminishes the exposed water-surface as the pressure is raised. The heat
evolved from the destruction of water-surface is the net heat of capillary condensation.”

“The total net heat of adsorption is the sum of the total net heat of surface adsorption and
the total net heat of capillary condensation.”
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“Shrinking and swelling, moisture diffusion, capillary flow, and all other effects
involving changes in moisture content of the paste at constant temperature are due to the
free surface energy of the solid phase, or to the free surface energy of the water, or to both
surface energies.”

“Cement paste shrinks and swells as the cement gel loses or gains water. Swelling results
when the surface forces of the solid phase are able to draw water into the nartow spaces
between the solid surfaces.”

“Shrinking results when water is withdrawn from the gel. It is probably due to the solid-
to-solid attraction that tends to draw the solid surfaces together, though capillary tension
and elastic behavior may also be involved.”

The theory is that “...volume change is regarded as being the result of an unbalance in the
forces acting on the adsorbed water. These forces are the solid-to-liquid attraction and
capillary tension. When the solid-to-liquid attraction and capillary tension are equal, the
volume of the gel remains constant.”

“Swelling pressure is the force that would be just able to prevent water from entering the
gel. [...] When the gel is composed of interconnected particles and encloses stable
microcrystals and aggregate particles, as in concrete, shrinking or swelling is partially
opposed by elastic forces.”

“In a partially saturated paste the tendency of the water to enter the gel is opposed by
tension in the capillary water.”

As a cement paste experiences drying, capillary water and gel water are lost
simultaneously. The resulting change in volume is caused solely by the change in gel-
water content.

“If a specimen is kept sealed after its bleeding period, so that no extra water is available
to it during the course of hydration, the pores in the paste will become partially emptied.
This is called self-desiccation.”

“Such self-desiccation is believed to be an important factor contributing to the frost
resistance of concrete. Experimental evidence indicates that when specimens of good
quality are stored in moist air, or even under water, they are unable to adsorb enough
water to compensate completely for self-desiccation. Consequently, cement paste is
seldom found in a completely saturated state, and hence is seldom in a condition
immediately vulnerable to frost action.”

An increasing temperature in a cement paste at constant water content will cause swelling
to occur in addition to the normal thermal expansion.

25




“When counteracting effects are absent, evaporable water moves in the direction of
descending temperature.”

“In concrete subjected to changing external forces, changing temperatures, and
fluctuating ambient humidity, the evaporable water must be in a continual state of flux.
As a consequence, the concrete swells, shrinks, expands, and contracts under the
changing conditions in a highly complicated way. The separate effects may combine in
different ways at a given point in the mass so that they offset or augment each other.
Possibly these effects have an influence on the ability of concrete to withstand
weathering.”

“The principal factors governing the ultimate degree of hydration, regardless of the time
required, are the relative proportion of particles having mean diameters greater than about
50 microns, and the original water-cement ratio. [...] With any given cement the ultimate
degree of hydration is proportional to the water content of the paste in all pastes in which
w, /c is less than a definite limiting value. With an average cement the limiting value is
about 0.44 by weight; that is, this is the lowest w,/c that will permit the ultimate degree
of hydration with an average cement.”

“With other factors equal, the average rate of hydration is lower the smaller w /c, except
during a short initial period. Consequently, the time required to reach ultimate hydration
becomes longer as w,/c is made smaller.

During the early stages of hydration, say during the first week or two, the rate of
hydration is higher by a large factor, the higher the specific surface. But during the later
stages, the rates of hydration for cements of widely different specific surface differ
comparatively little.”

Self-desiccation effects will have an influence on the rate of hydration. Experiments show
that “...sealed specimens hydrate more slowly than those having access to water, and they
may never reach the ultimate degree of hydration possible when extra water is available.
This has a bearing on the efficiency of membrane or seal-coat curing.”

“Owing to the nature of the relationship between water content and free energy, ...the
water in a saturated paste freezes or melts progressively as the temperature is varied
below the normal melting point.”

“The capillary water is believed to freeze in place, at least under the conditions of the
experiments. However, the gel water probably flows or distills from the gel to the
capillaries before it freezes.” The temperature reading when the last increment of ice
disappears on progressive melting is defined as the final melting point. “The final melting
point in saturated pastes ranges from about -1.6 to about -0.05 °C (29.1 to about 31.9 °F).
The depression of the final melting point is due to dissolved material in the mixing water,
principally alkalies.” In a specimen that is not fully saturated, the final melting point is
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affected by not only the dissolved material but also by the degree of saturation; the lower
the degree of saturation the lower the final melting point. “All the evaporable water is
freezable, but a minimum temperature of about -78 °C (-108.4 °F) is required to freeze all
of it.”

“At temperatures above -12 °C (10.4 °F), the maximum amount of freezable water is
roughly proportional to the amount of capillary water....”

“For practical purposes, the freezable water can be considered to be identical with the
capillary water. Hence, pastes that contain no capillary space outside the gel are
considered to be without freezable water.”

2.19 Price, Walter H., FACTORS INFLUENCING CONCRETE STRENGTH,
Journal of the American Concrete Institute, Vol. 22, No. 6, February 1951, pp.
417-432.

“It is well-known that the strength of the concrete in the structure may be considerably
different from that indicated by the 28-day control cylinders due to different curing
conditions. Also, even if the structure and control cylinders were cured under identical
conditions the control cylinders would not be completely indicative of the strength of the
concrete in the structure because of differences in size, rate of loading, and lateral
restraint.”

“Usually where moisture is available for curing or where moisture contained in the
concrete is not lost through drying, the strength development of the concrete will
continue for a number of years. This later strength development adds to the safety of the
structure but may be of little value where the structure has to support the full load at an
early age. [...] In the case of reinforced concrete buildings which are usually not moist
cured and where the members receive no moisture after construction, the concrete in the
structure may never reach the strength indicated by the 28-day moist cured specimens.
Designers should consider this in choosing working stresses.”

Temperature and moisture both have major influences on the strength development of
concrete. Laboratory tests show that “...the development of strength stops at an early age
when the concrete specimen is exposed to dry air with no previous moist curing. Concrete
exposed to dry air from the time it is placed is about 42% as strong at 6 months as
concrete continuously moist cured. Specimens cured in water at 21 °C (70 °F) were found
to be stronger at 28 days than those cured in a fog room at 100% relative humidity. The
richer mixes showed better advantage than the leaner ones under water curing. The
strength of the water-cured specimens was about 10% higher than the fog-cured
specimens for concretes having water-cement ratios of 0.55 by weight. [...] Concrete in
many buildings is not cured because of objections by the workmen to water dripping over
the work and because curing compounds cannot be used due to the necessity of bonding
the following lift or floor topping to the concrete already placed.”
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Curing temperatures are very important factors in the strength development of concrete.
Results “...obtained on some Bureau of Reclamation projects showed the strength of the
field control cylinders to be lower during the hot summer months than during the cooler
months, even though they were moist cured at about 21 °C (70 °F) in every case.
Apparently the concrete is weakened by very rapid setting which is not overcome by the
subsequent curing at 21 °C (70 °F). Continued curing at higher temperatures for the full
28-day period...accelerated the strength development sufficiently to produce the highest
strength for the highest temperature. At later ages, however, the specimens made and
cured at higher temperatures had lower strengths than those made and cured at lower
temperatures.”

“The indicated strength of concrete made and cured under the same conditions is different
when tested in cylinders of different height and diameter.” Tests “...show the strength of a
900 mm (36 in) diameter cylinder as being only 82% that of a 150 mm (6 in) diameter
cylinder. This difference is believed due to the possible faster strength gain of the smaller
diameter cylinders.” Test “...data indicate that large masses of concrete in a structure
cannot be expected to approach the 28-day strength of concrete as indicated by a 150 x
300 mm (6 x 12 in) cylinder for a number of months.”

“Specimens made in cardboard molds usually develop lower strengths than those made in
steel molds. In...tests made in the Denver laboratories of the Bureau of Reclamation the
compressive strength of specimens formed in cardboard molds was found to be about
3} % less than companion specimens formed in steel molds.”

2.20 Timms, A. G., CURING OF CONCRETE, INTRODUCTION, Journal of the
American Concrete Institute, Vol. 23, No. 9, May 1952, pp. 701-715.

“Curing, as applied to the making of concrete, covers all the conditions both natural and
artificially created that affect the extent and the rate of hydration of the cement.”

With respect to moisture content, in the making and placement of concrete, curing refers
to the various methods used to control moisture content or temperature of the concrete or
both.

“In the early days of concrete making, speed in construction was not as important as it is
today and the forms were left in place longer.” Various methods are in use to keep
concrete moist and also provide insulation against sudden temperature changes.

Curing plays a vital role on water-tightness. Sometimes the quantity of combined water
in concrete can be doubled by using good curing practices in combination with favorable
temperature conditions, thus greatly improving the degree of watertightness. For a given
water-cement ratio, curing is the major factor in developing the potential strength of the
concrete.
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“Methods adopted from time to time for curing concrete may be classified as (a) those
that supply water throughout the early hydration process and tend to maintain a uniform
temperature, such as ponding, sprinkling, application of wet burlap or cotton mats, wet
earth, sawdust, hay or straw, and (b) those designed to prevent loss of water but having
little influence in maintaining a uniform temperature, as waterproof paper or impermeable
membranes. Frequently a curing process is employed that combines the two.”

“The optimum time to start moist curing is not easy to determine. It appears, in pavement
practice, that the concrete should be allowed to subside in the forms and all free moisture
disappear from the exposed surface before application of moisture or other forms of
curing. [...] Sometimes the nature of the curing treatment dictates how soon after placing
the concrete the curing may be applied.”

T. C. Powers, in research conducted in 1947, “...has observed in the laboratory that if
curing water is not supplied during the initial stages of rapid hydration some self-
desiccation of the paste will result. Under these conditions subsequent applications of
curing water will not restore the maximum degree of saturation.”

Liquid membrane-forming curing materials have proven to be very popular in highway
construction.

“Hydration reactions proceed more rapidly at higher temperatures, and hardening of
concrete is greatly retarded as the temperature approaches the freezing point of water.
Temperatures below 10 °C (50 °F) are considered unfavorable for curing, particularly if
high early strength is desired. When concreting at temperatures below 21 °C (70 °F) it is
desirable to use curing methods which tend to maintain suitable temperatures during the
hardening period.”

“Because of the importance of curing on the properties of concrete, it appears sound
practice to require a certain minimum period of controlled moisture and temperature.”

2.21 Robinson, D. L., CURRENT PRACTICES FOR CURING CONCRETE
PAVEMENTS, Journal of the American Concrete Institute, Vol. 28, No. 9,
May 1952, pp. 705-711.

“There are many methods and combinations of methods for curing concrete pavement
slabs. Water curing, to replace water lost by evaporation, may be accomplished by
periodic sprinkling, by ponding, or by saturated coverings of earth, hay, straw, cotton and
jute mats, and multi-layered fabrics.”

“The selection of curing methods is a matter of economics, just as is the selection of mix
proportions and quality of aggregates.” Various state requirements “...permit several
methods from which a contractor may select the one that will be the least costly and will
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interfere least with his other operations, but which, in the opinion of the officials, still
will give suitable results under the prevailing climatic conditions.”

“Since membrane curing was simple to use and less costly than most other methods, the
clear and light pigmented types were developed and, when permitted without initial
burlap curing, came into almost exclusive use by contractors. [...] In 1947, T. C. Powers...
reported that concrete sealed against evaporation must initially contain more than about
0.5 g of water per g of cement to assure full hydration, since self-desiccation
progressively reduces the space available for hydration products.”

“Theoretically, a covering of earth, straw, or mats has certain advantages over membranes
for, in addition to maintaining a moisture supply, the cover acts as an insulating layer and

minimizes detrimental volume changes induced by temperature variations.”

2.22 Gilkey, H. J., CURING STRUCTURAL CONCRETE, Journal of the
American Concrete Institute, Vol. 28, No. 9, May 1952, pp. 711-715.

“Ideal curing conditions for structural concrete differ in no way from those for similar
mixtures in other adaptations. They are:

1. Continuously available free moisture at a sustained moderate temperature.

2. Freedom from stress that approaches closely the strength developed at time of its
application.

3. Avoidance, upon termination of formal curing, of either rapid surface drying or of
abrupt change of temperature (thermal shock) which would introduce damaging

differential volume changes within the concrete.

4. Avoidance of exposure to freezing temperatures until curing has progressed far
enough to partially empty the capillaries of their free moisture.”

“Some special conditions surrounding structural concrete are:

1. That formal curing is about the only opportunity the concrete will have to cure since
the conditions of use are rarely such as to supply subsequent moisture.

2. In cold weather concreting, temperature invariably presents a major problem.

3. With both vertical and horizontal surfaces it is difficult to supply the needed moisture
to all parts of all the surfaces.

4. Early re-use of forms is generally of economic importance and complicates the
problems of temperature, moisture retention and structural support. For beam-type
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members, especially, adequate support and formal curing are important for a
relatively long time.”

2.23 Waters, T., THE EFFECT OF ALLOWING CONCRETE TO DRY BEFORE
IT HAS FULLY CURED, Magazine of Concrete Research, Vol. 7, No. 20, July
1955, pp. 79-82.

“Except in cases where an early development of strength is required, it is not necessary to
keep concrete wet after the initial curing period....” With respect to strength development,
curing can be done at any time. When concrete is permitted to become dry for a period
and is then re-wetted, experiments indicate that it will continue to increase in strength as
if the dry period never existed.

“The experimental work was done in two parts, the first to find the effect of curing
concrete in absolutely dry air, and the second in ordinary room atmosphere.” For the first
part, concrete with a water proportion by weight of 0.7 was used. For the second part,
concrete with a water proportion by weight of 0.57 was used. Ordinary portland cement
was used.

“Concrete indoors will not have sufficient moisture to give a reasonable rate of curing,
and the concrete must be kept damp until it has cured sufficiently.”

The results in this article would not apply to thin slabs of concrete, such as roads and
walls. “Lack of moisture at an early age may lead to cracking and the concrete should be
kept wet until it has developed sufficient strength to resist shrinkage cracks.”

2.24 Walker, Stanton and Bloem, Delmar L., EFFECTS OF CURING AND
MOISTURE DISTRIBUTION ON MEASURED STRENGTH OF
CONCRETE, Proceedings of the Highway Research Board, 36, 1957, pp. 334-
346.

“Flexural strength tests are being used to an increasing extent as a basis for specifying
concrete quality and determining its acceptability. As a consequence, there is need for re-
examining the many factors which affect the test results. One of the most critical of these
is curing, not only as it affects the hydration of the cement but also through its influence
on stresses induced within the specimen by non-uniform distribution of moisture.”

“This study was conducted in several parts involving 384 tests for flexural strength. The
principal divisions of the work were as follows:

A. Age-strength relationships for different curing conditions. Two coarse aggregates were
used in air-entraining concretes of 3 cement factors. For each of the 6 conditions,
specimens were made for flexural strength tests in triplicate at ages of 14, 28, 91 and 364
days for 4 curing conditions as follows: (1) continuously in the moist room:; 2)
continuously in saturated limewater; (3) 7 days in moist room followed by storage in
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room air until test; (4) 7 days in moist room followed by storage in room air until
immersion in water 2 days before test.

B. Study of effect of resaturation on measured flexural strength of dry concrete. Air-
entraining concrete with 6 sacks of cement per cubic yard was made with the 2 coarse
aggregates. For each aggregate, 2 batches of 4 beams each, made on different days,
provided tests in duplicate for all curing conditions. All specimens were cured in the
standard moist room for 14 days, dried for 77 days at 38 °C (100 °F) and then tested for
flexural strength after various periods of soaking, as follows: none; 30 minutes; 1, 2, 4, 8,
16 and 32 days.

C. Study of effect of drying on measured flexural strength of moist-cured concrete. For
the same classes of concrete as in Part B, tests were made on specimens continuously
moist-cured for 91 days and then air-dried at 38 °C (100 °F) for various periods before
test, as follows: none; 30 minutes; 1, 2, 4, 8, 16 and 32 days. For each test condition,
strengths were secured from 4 batches of concrete mixed on different days.

The data demonstrate the importance of moisture distribution and adequacy of curing to
the reliability of tests for flexural strength of concrete.”

“The concrete was designed to have a slump of 2 to 3 inches. An air content of 4.5+0.5%
was secured by use of an admixture added at the time of mixing.”

Summary and Conclusions

e “Continuous curing in the moist room and in limewater produced essentially the same
strengths in both flexure and compression. Normal increases in strength with age
were shown.”

e “Drying test specimens in laboratory air after 7-day moist curing produced large
reductions in strength for ages at test of 14 and 28 days----up to 36% at 14 days. At
91 days, the difference in strength ranged between relatively small increases and
relatively small decreases and, on the average, amounted to a reduction of 7 percent
below standard moist-curing.”

o “Immersion for 48 hours of dried specimens overcome the strength reductions due to
drying for test ages of 14 and 28 days. At 91 days the immersed and dried specimens
gave the same strength.”

e “Increases in cement content produced normal increases in measured flexural strength
of moist-cured specimens. For the air-dried concrete additional cement resulted in no
increase in strength. For the re-immersed specimens, there was some benefit due to
adding cement but it was relatively small.”
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e “Specimens which had been moist cured 14 days and then stored in air at 38 °C (100
°F) for 77 days, showed sharply reduced flexural strengths when immersed in water.
After 4-day immersion a slight gain in strength was found which continued at a low
rate during the 32-day immersion and which may have been due to continuing
hydration of cement.”

e “Specimens cured moist for 91 days and then dried at 38 °C (100 °F) showed large
reduction in flexural strength, up to about 40% after 4 days of drying. Thereafter,
there was a slight increase in measured strength up to the maximum period of 32

days’ drying.”

This reported study “...demonstrates the great sensitivity of flexural strength tests to
variations in curing and moisture condition of the specimens.”

2.25 CURING CONCRETE, Journal of the American Concrete Institute, Vol. 30,
No. 2, August 1958, pp. 161-172.

This was a report by ACI Committee 612, which was addressing curing requirements
during the late 1950s. This is apparently the first report by an ACI committee in the ACI
Journal dealing exclusively with curing requirements of concrete.

The report contains a definition of optimum curing. It says “...optimum curing is defined
as the act of maintaining controlled conditions for freshly placed concrete for some
definite period following the placing or finishing operations to assure the proper
hydration of the cement and the proper hardening of the concrete.”

“Control of temperature throughout the curing period is desirable, but except for certain
structures, it is less essential than other requirements.”

The report lists five basic curing requirements:

1. “The preservation of an adequate water content in the concrete.

2. The maintenance of the temperature of the concrete at some value above freezing as
constantly as may be practicable during the curing period. ,

3. The preservation of a reasonably uniform temperature throughout the whole body of
the concrete.

4. The protection of the structure from damaging mechanical disturbance, particularly
load stresses, heavy.shock, and excessive vibration especially during the early portion
of the curing period.

5. The passage of time for the hydration of the cement and hardening of the concrete to
the degree necessary for the safe use of the article or structure which it forms.”

“Preservation of the moisture content of the concrete may be accomplished by any of
several methods or by a combination of two or more methods. The surface of the concrete
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may be kept wet with water, or loss of moisture may be prevented or restricted by the
application of impervious coatings, membranes, or coverings, or by the retention of
forms.”

“Protection against high temperatures is somewhat of a complex procedure as the
excessive temperature of the concrete may be derived from any one or all of three
sources: the temperature of the surrounding atmosphere, absorption of solar heat, and the
heat of hydration of the cement.”

“Logically, the ideal curing temperature for a given concrete installation or structure may
be a few degrees below the average temperature to which the concrete will be exposed
during its period of service. [...] The drop in temperature during the first 24 hr after curing
ceases should be no more than 16.7 °C (30 °F) for mass concrete or 27.8 °C (50 °F) for
thin sections.”

“Early progress of the hydration of the cement in the concrete is indicated by the setting
or solidifying and finally the hardening of the mass. Continuous mechanical disturbance
of the concrete during this process will result in the failure to form the integral solid
intended in the design of the structure, and the member or structure will fail to attain the
strength for which it was designed.”

“The amount of time required for the concrete to attain the strength desired for safe use or
to attain the desired degree of hardness varies with the temperature at which the concrete
is cured, the rate of hydration of the cement used, and the availability of moisture for
hydration of the cement.”

“Considerable effort has been expended in studies of methods for shortening the curing
period. As a consequence it has been determined that provision may be made in some
work for shortening the curing period through the use of accelerators in the concrete,
through the use of cements having a high rate of hydration, or through elevation of the
temperature to a value near the upper extreme of the acceptable range of temperatures.”

“Optimum practice for curing horizontal units: pavements, sidewalks, canal linings, small
docks, and building floors][:]

Initial curing----Immediately after the finishing operations are completed, the concrete
should be covered with two thicknesses of an approved woven fabric, a quilted fiber mat,
or other covering of an approved absorptive material thoroughly saturated with water
when placed. [...]

Final curing---- An acceptable curing agent for application after the initial curing period
and for the final curing period may be chosen from the following list.
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e The covering used in the initial curing period kept in place and in the same condition
as for the initial curing period.

e Two inches of moist earth or sand evenly distributed over the surface of the concrete
and kept thoroughly saturated by spraying with water.

e Three inches of moist hay, grass, or clean straw uniformly distributed over the
concrete and kept wet by a water spray.

e Approved impervious light colored paper or plastic coverings placed and maintained
in contact with the surface of the concrete.

e Approved impervious coatings which may be developed from liquid compounds
sprayed on the surface of the concrete. [...]

Temperature----When the temperature of the atmosphere is 4.5 °C (40 °F) or more, the
final curing agents should remain in place for at least 72 hr and for such additional length
of time as may be required for job cured specimens to have attained the compressive or
flexural strength required of the concrete at the age tested.”

“Optimum curing for vertical units: walls, small piers, columns, floors, roofs, small dams,
and small abutments wherein the least dimension is less than 0.61 m (2 ft)[:]

Initial curing---—- Immediately after the finishing operations are completed or upon
cessation of placing operations for a period of more than 3 hr, the exposed surface of the
concrete should be covered with two thicknesses of an approved woven fabric, an
approved quilted fiber blanket, or other cover of highly absorptive material thoroughly
wet with water when applied. [...] This covering should remain in place for at least 96 hr.

[.]

Final curing----Upon removal of the wet coverings used for the initial curing, any one of
the following methods for final curing practical or desirable in a given project may be
used.

e Application of a continuous mist spray of water directly on the concrete.
Application of an approved impervious paper or plastic covering directly upon the
surface of the concrete.
Application of an approved impervious coating material upon the concrete.
Application of a layer of wet sand at least 50 mm (2 in) thick (top of horizontal
portions only).

Temperature----When the temperature of the surrounding air is 4.5 °C (40 °F) or more the
total length of curing period should be at least 10 days, the initial curing period at least 4
days, and a final curing for the remainder. [...] When the mean daily temperature of the
surrounding air is less than 4.5 °C (40 °F), the concrete should be so protected as to
maintain within it a temperature of at least 10 °C (50 °F) to 21 °C (70 °F) for the curing
period.”
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2.26 Powers, T. C., Copeland, L. E., and Mann, H. M., CAPILLARY
CONTINUITY OR DISCONTINUITY IN CEMENT PASTES, Journal of the
Research and Development Laboratories, Vol. 1, No. 2, Portland Cement
Association, May 1959, pp. 38-48.

The synopsis for this article states: “This is a study of the capillary structure of cement
paste in terms of data on permeability to water.”

“Under various circumstances it is important to reduce the rate of penetration of concrete
by water as much as is practically possible. For example, this is true with respect to
concretes subject to frost action.”

“Other uses where pastes with continuous capillaries should be avoided include
reinforced concrete in or near the sea.”

“Concrete subject to attack by aggressive waters, or to the leaching of soft water,
obviously should not contain a paste with continuous capillaries.”

“Preclusion of continuous capillaries in the paste is a matter of selection of water-cement
ratio of the fresh paste and control of curing conditions. [...] The length of curing
required...will...depend mostly on prevailing temperatures and characteristics of the
cement. Under standard laboratory conditions, the required time for an ordinary Type I
cement might be about as shown in the following table:

W/C  Time Required
0.40 3 days

0.45 7 days

0.50 14 days

0.60 6 months
0.70 1 year

>0.70 Impossible”
Some of the major conclusions from this study are:

e “Capillaries in fresh paste are defined by the cement particles and are continuous.
Hydration of cement increases the solid content of the paste, and if it is increased
sufficiently, the original capillaries become blocked by gel, and capillary cavities are
thus created.”

o “For any given cement, there is a maximum water-cement ratio above which
complete hydration does not produce enough gel to block all the capillaries. For a
Type I cement the limiting W/C ratio (by weight) was about 0.7.... [...] Recommended
practice for producing good concrete is...to eliminate continuous capillaries from the
paste.”
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e “At water-cement ratios below the maximum at which discontinuity can be produced,
capillaries become discontinuous before all of the cement has become hydrated.”

e “Pastes containing continuous capillaries should not be permitted in concrete used
where the lowest possible rate of penetration of water is needed. Such uses include
most structures subject to frost action, or subject to aggressive waters, or to leaching,
and reinforced concrete used in or near the sea.”

227 Bloem, D. L., CONCRETE STRENGTH MEASUREMENT--CORES
VERSUS CYLINDERS, Proceedings, American Society of Testing Materials,
Volume 65, 1965, pp. 668-696.

“Design of any reinforced concrete structure assumes a value for strength of the concrete
which then becomes a principal criterion of acceptability. Strength measurements are
expected generally to exceed the design value, f.’. The concrete is sampled at the time of
delivery and tested under highly standardized conditions. If an appropriately large
proportion, usually either 80 or 90 per cent, of the tests exceeds f.’, the concrete is
considered to meet the strength requirements. Even though the prescribed treatment of the
test specimens is more favorable to strength development than that likely to prevail on the
job, experience has shown this system to be adequately protective. Obviously it can be
depended upon only if reasonably good practices for handling, placement, protection, and
curing of the concrete in the structure are enforced.”

“Although controversy over concrete strength seems inevitable, it is worthwhile to
examine the relationships among various measures of that property. [...] If the standard
conditions for acceptance tests are taken as the basis of comparison, deviation from the
standard in an effort to simulate field protection and curing or for other reasons will affect
measured strength as follows:

(1) Deficiency of moisture will decrease strength development. [...]

(2) With adequate moisture, sustained low temperature (above freezing) will reduce
strength at usual test ages but increase ultimate strength potential.

(3) High temperatures will accelerate rate of strength development, but limit maximum
strength levels.”

Based upon extensive research and analyses of core test data, research has shown:

(1) “specimens from finished structures averaged about 90 per cent of the strength of
similar standard specimens, with some as low as 65 to 75 per cent ;
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(2) strengths of cores from columns averaged 12 per cent lower when drilled horizontally
than when drilled vertically (the latter corresponding to the direction of actual loading);

(3) calculations from actual loading tests showed concrete strength in columns averaging
about 68 per cent of cube strength (roughly 85 per cent of cylinder strength), but as low
as 56 per cent (about 65 per cent of cylinder);

(4) the concrete in the uppermost portion of a column was weaker, by from 1 to 27 per
cent depending upon the type of concrete, than that in the lower portions.”

The purpose of this paper was to report on research designed to develop relationships
among the common measures of concrete strength.

Some conclusions from this research were:

¢ “The investigation confirmed the long recognized fact that standard strength tests of
molded cylinders are useful primarily as an index to concrete quality. They are not a
direct or quantitative measure of strength in place. The strength of cores removed
from a structure will vary greatly depending upon adequacy of its curing and
treatment of the test specimens.”

e “Core strength in columns made with relatively low-slump air-entrained concrete was
found to be nearly constant throughout the height except for the top few inches, where
it was considerably lower. Other investigations have shown that cores drilled
horizontally from columns...test lower than ones drilled vertically, giving a
pessimistic picture of strength in the direction of loading.” '

e “Molded cylinders cured to simulate conditions in the structure provide an indication,
at least relatively, of environmental effects on strength.” In the research for this paper,
“...the field-cured cylinders tested at 28 days produced strengths agreeing fairly well,
on the conservative side, with cores tested after air-drying to the approximate
moisture condition of the structure.”

In the article’s closing statement, the author states that “...when reasonable care has been
taken to handle and cure the structure properly, acceptance on the basis of standard tests
has seemed to provide ample strength in place. Core tests made to check adequacy of
strength in place must be interpreted with judgment. They cannot be translated to terms of
standard cylinder strength with any degree of confidence, nor should they be expected
necessarily to exceed the specified strength, f.".”
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2.28 Bloem, Delmar L., CONCRETE STRENGTH IN STRUCTURES, Journal of
the American Concrete Institute, Vol. 65, No. 3, March 1968, pp. 176-187.

“The use of strength tests of standard-cured molded cylinders for control purposes and for
checking the acceptability of concrete as produced is well established.” Research has
demonstrated “..that the standard tests do not provide a quantitative measure of
concrete’s load-carrying capacity in place.”

“Strength in place as measured on drilled cores will be less than that of moist-cured
molded cylinders tested at the same age and will probably never reach the standard 28-
day strength even at greater ages. The amount of the deficiency will depend on the
efficiency of field curing and will be affected by the type of cement. Other influences...
such as the effect of precipitation on concrete outdoors, may alter or even reverse the
relationship between cores and cylinders.”

“Core tests used to check apparent deficiencies in strength indicated by standard cylinders
must be interpreted with caution. In many cases cores will not attain the specified
strength level, f,’, on which design calculations were based. This should probably not be
cause for alarm unless the deficiency is excessive. Design formulas provide a large safety
margin sufficient to allow for the fact that field concrete will not be as favorably
protected and cured as standard test specimens. When cores are lower than /.’ it simply
means that some of that margin of uncertainty has been used. Core tests equaling 75
percent of £." provide an excess over calculated working stress of 67 percent , which
should be much more than adequate in most cases. Usually, however, cores should not
test that low if field practices are proper and overdesign of average strength is adequate.”

“Field-cured cylinders may provide useful information but do not quantitatively reflect
core strength.” Tests indicated “...the latter averaged about 10 percent less than field-
cured cylinders for good curing but 21 percent less for poor curing. Thus the field-cured
cylinders may be misleading in that they are less adversely affected by improper curing
than the structure itself.”

“Push-out cylinders cast in the slabs provided a fairly reliable measure, relatively, of core
strengths. The cores, however, averaged about 7 percent lower. Unlike field-cured
cylinders, the push-outs related consistently to cores irrespective of adequacy of curing.”

Under the conditions of meticulous care in testing used in the research reported in this
article, “...all three methods of measuring strength—molded cylinders, push-out
cylinders, and cores—were sufficiently reproducible to provide confidence in results
consisting of averages for three specimens.”
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3. LITERATURE FROM 1970 TO 1990

3.1 Neville, A. M., PROPERTIES OF CONCRETE, John Wiley and Sons, Chapter
S, “Strength of Concrete,” 1973, pp. 233-308.

From the section on Curing of Concrete:

“Curing is the name given to procedures used for promoting the hydration of cement, and
consists of a control of temperature and of the moisture movement from and into the
concrete.”

The author states that “...the object of curing is to keep concrete saturated, or as nearly
saturated as possible, until the originally water-filled space in the fresh cement has been
filled to the desired extent by the products of hydration of cement. In the case of site
concrete, active curing stops nearly always long before the maximum possible hydration
has taken place.”

“The necessity for curing arises from the fact that hydration of cement can take place only
in water-filled capillaries. For this reason, a loss of water by evaporation from the
capillaries must be prevented. Furthermore, water lost internally by self-desiccation has
to be replaced by water from outside, i.e., ingress of water into the concrete must be made
possible.”

It is known that “.. hydration of a sealed specimen can proceed only if the amount of
water present in the paste is at least twice that of the water already combined. Self-
desiccation is thus of importance in mixes with water/cement ratios below about 0.5; for
higher water/cement ratios the rate of hydration of a sealed specimen equals that of a
saturated specimen. It should not be forgotten, however, that only half the water present
in the paste can be used for chemical combination; this is so even if the total amount of
water present is less than the water required for combination. This statement is of
considerable importance as it was formerly thought that, provided a concrete mix
contained water in excess of that required for the chemical reactions with cement, a small
loss of water during hardening would not adversely affect the process of hardening and
the gain of strength. It is now known that hydration can take place only when the vapor
pressure in the capillaries is sufficiently high, about 0.8 of the saturation pressure.
Hydration at a maximum rate can proceed only under conditions of saturation.” [...] It has
been shown that “...below a vapor pressure of 0.8 of the saturation pressure the degree of
hydration is low, and negligible below 0.3 of the saturation pressure.”

Concerning concrete quality, “...the quality of concrete depends primarily on the

gel/space ratio of the paste. If, however, the water-filled space in fresh concrete is greater
than the volume that can be filled by the products of hydration, greater hydration will lead
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to a higher strength and a lower permeability.”

Methods of Curing:

“Once the concrete has set, wet curing can be provided by keeping the concrete in contact
with a source of water. This may be achieved by spraying or flooding (ponding), or by
covering the concrete with wet sand or earth, sawdust or straw.”

“Another means of curing is to use an impermeable membrane or waterproof paper. A
membrane, provided it is not punctured or damaged, will effectively prevent evaporation
of water from the concrete but will not allow ingress of water to replenish that lost by
self-desiccation.”

“Except when used on concrete with a high water/cement ratio, sealing compounds
reduce the degree and rate of hydration compared with efficient wet curing. However, wet
curing is often applied only intermittently so that in practice sealing may lead to better
results.”

“The period of curing cannot be prescribed simply but it is usual to specify a minimum of
seven days for ordinary portland cement concrete.”

“High-strength concrete should be cured at an early age as partial hydration may make
the capillaries discontinuous: on renewal of curing, water would not be able to enter the
interior of the concrete and no further hydration would result.”

Maturity of Concrete:

When considering temperature, the author states: “The temperature during curing controls
the rate of progress of the reactions of hydration and consequently affects the
development of strength of concrete.”

“Since strength of concrete depends on both age and temperature we can say that strength
is a function of Z(time x temperature), and this summation is called maturity.”

Graphical analysis shows that “...strength plotted against the logarithm of maturity gives
a straight line. It is...possible to express strength at any maturity as a percentage of
strength of concrete at any other maturity....”

When considering high temperatures, “...early high temperature leads to a lower strength
for a given total maturity than when heating is delayed for at least a week or is absent.”

Results indicate that “...the maturity rule applies fairly well when the initial temperature

of concrete is between 16 and 27 °C (60 and 80 °F) and no loss of moisture by drying
takes place during the period considered.”
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Influence of Temperature on Strength of Concrete:

Tests show “...that a rise in the curing temperature speeds up the chemical reactions of
hydration and thus affects beneficially the early strength of concrete without any ill-
effects on the later strength. However, a higher temperature during placing and setting,
although 1t increases the very early strength, may adversely affect the strength from about
7 days onwards. The explanation is that a rapid initial hydration appears to form products
of a poorer physical structure, probably more porous, so that a large proportion of the
pores will always remain unfilled.” It follows “...that this will lead to a lower strength
compared with a less porous, though slowly hydrating, paste in which a high gel/space
ratio will eventually be reached.”

When calcium chloride is added to a concrete mix, the detrimental effects of high
temperature which occur during setting can be mitigated.

“The increase in strength caused by the addition of calcium chloride depends on the
temperature of the concrete and is proportionately greater at lower temperatures.”

Tests have shown “.that there is an optimum temperature during the early life of
concrete that will lead to the highest strength at a desired age. For laboratory-made
concrete using ordinary or modified portland cement the optimum temperature is
approximately 13 °C (55 °F); for rapid hardening portland cement it is about 4 °C (40
°F).”

A concrete placed in summer weather can be expected to have a lower strength than a
similar mix placed during the winter season.

Steam Curing at Atmospheric Pressure:

“Since an increase in the curing temperature of concrete increases its rate of development
of strength, the gain of strength can be speeded up by curing concrete in steam. [...]
Concrete with a lower water/cement ratio responds to steam curing much better than a
weaker mix.”

Steam curing is used primarily with precast products.

“The temperature history of the interior of the concrete being cured is not the same as that
at the surface. The rise in temperature at the centre [sic] is slower but the rate of cooling
is lower, too. Thus the area under the temperature-time curve is approximately the same
for the interior and for points near the surface of the concrete block, so that all parts of the
concrete have the same maturity.”

High-pressure Steam Curing:

“Since pressures above atmospheric are involved, the curing chamber must be of the
pressure vessel type with a supply of wet steam; excess water is necessary as superheated
steam must not be allowed to come into contact with the concrete. Such a vessel is known
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as an autoclave, and...high-pressure steam curing is often referred to as autoclaving.”

“In the field of concrete, high-pressure steam curing is usually applied to precast products
(made both of ordinary and lightweight concrete) when any of the following
characteristics are desired:

(@) high early strength: with high-pressure steam curing the 28-day strength on normal
curing can be reached in about 24 hours;

(b) high durability: high-pressure steam curing improves the resistance of concrete 1o
sulfates and to other forms of chemical attack, also to freezing and thawing, and
reduces efflorescence; and

(c) reduced drying shrinkage and moisture movement.”

“Because of the microcrystalline character of the cement paste, high-pressure steam-cured
concrete has a considerably reduced shrinkage, about % to % of that of concrete cured at
normal temperatures.”

“The products of hydration of cement subjected to high-pressure steam curing, as well as
those of the secondary lime-silica reactions, are stable, and there is no retrogression of
strength. At the age of one year the strength of normally cured concrete is approximately
the same as that of high-pressure steam-cured concrete of similar mix proportions.”

“On the debit side, high-pressure steam curing reduces the strength in bond with
reinforcement by about one-half compared with ordinary curing so that the application of
steam to reinforced concrete members is considered inadvisable.”

Variation in Strength of Cement:

“Although on a site it is difficult to isolate the influence of cement, there is no doubt that
the inherent variation in the strength of cement is reflected in the variation in the strength
of concrete.”

3.2 Carrasquillo, Ramon L., Slate, Floyd O. and Nilson, Arthur H.,
MICROCRACKING AND BEHAVIOR OF HIGH STRENGTH CONCRETE
SUBJECT TO SHORT-TERM LOADING, Journal of the American Concrete
Institute, Vol. 78, No. 3, May-June 1981, pp. 179-186.

While not directly related to curing, this paper provides an understanding of the stress-
strain behavior of high-strength concrete. It is therefore included in this bibliography.

In describing failure under uniaxial compression, the authors provide the following:

“The development of combined cracks, consisting of combinations of bond and mortar
cracks, was found to be an essential step in progression toward impending failure. Such
cracks must be identified and studied to understand the failure mechanism of concrete.
Normal strength concretes start to develop combined cracks at about 70 percent of strain
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at maximum load, and thus are approaching instability and impending failure, while high
strength concrete does not develop significant combined cracks until about 90 percent or
more of strain at maximum load. High strength concrete has much less microcracking at
all load levels than normal strength concrete, but fails more suddenly with fewer planes
of failure.”

“The purpose of this study was (1) to record and compare the type, extent, and progress
of internal microcracking of plain concrete concentrically loaded in short-term uniaxial
compression, and (2) to explain differences in the mechanical properties of different
strength concretes in terms of the formation and propagation of microcracks.”

This study was “.limited to normal weight concretes made using conventional
production techniques and containing limestone or gravel coarse aggregates, for strengths
from about 31 to 76 MPa (4,500 to 11,000 psi).”

The following conclusions are given in the article:

“Microcracking study:

1. The bond-mortar crack classification system, useful in studying behavior of normal
strength concrete, is not highly relevant for the study of mechanisms leading to failure
of higher strength concretes. The classification of microcracks into simple and
combined cracks, and the distinction between different types of combined cracks, is
more appropriate.

2. For higher strength concretes, the strain at which an unstable progressive crack
growth mechanism occurs is indicated by a significant increase in length and number
of combined cracks.

3. For higher strength concrete, a higher percent of the combined cracking consists of a
stable type of crack, and there is no significant progressive combined cracking at any
of the strains considered, up to incipient failure.

4. The number of potential failure planes at any given strain is significantly less for
higher strength concretes, and the internal microcracking behavior approaches that of
a homogeneous material. ‘

5. This study indicates that high strength concrete can be loaded to a higher stress-
strength ratio without initiating a self-propagating mechanism leading to disruptive
failure; i.e., the sustained-load strength is a higher percentage of the short-term

strength.

Stress-strain behavior:

1. For higher strength concretes there is less bond cracking than for lower strength
concretes, and the stress-strength ratio at which microcracks begin to form continuous
crack patterns is higher. Therefore, the stress-strain curve is steeper and more linear to
a higher stress-strength ratio.

2. There are fewer continuous crack paths at incipient failure for higher strength
concretes, in most cases only one. This results in an increase in the rate of change of
curvature of the stress-strain curve close to the maximum stress.
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3. The smaller number of continuous crack paths for higher strength concretes results in
a decrease in the redundancy of the material. This is an explanation for the absence of
a stable descending branch in the stress-strain curve for higher strength concretes.

Failure mode in uniaxial compression:

1. A tensile or tensile-shear failure mechanism is the most relevant crack mechanism
controlling failure of concrete in uniaxial compression. Failure of concrete in uniaxial
compression occurs in a direction parallel to the direction of the applied load for all
the concretes tested.

2. Normal strength concretes develop highly irregular failure surfaces including a large
amount of bond failure.

3. Medium strength concretes develop a mechanism similar to the normal strength
concretes but at a higher strain.

4. The failure mode of high strength concretes is typical of that of a nearly homogeneous
material. Failure occurs suddenly in a vertical, nearly flat plane passing through the
aggregate and the mortar.”

33 CONCRETE MANUAL, A WATER RESOURCES TECHNICAL
PUBLICATION, Chapter VI--Handling, Placing, Finishing, and Curing,
Section E. Curing and Section F. Concreting Under Severe Weather
Conditions, U. S. Department of the Interior, Eighth Edition, Revised, 1981,
pp- 375-391.

Moist Curing:

“The object of curing is to prevent or replenish the loss of necessary moisture during the
early, relatively rapid stage of hydration. The usual procedure for accomplishing this is to
keep the exposed surface continuously moist by spraying or ponding, or by covering with
earth, sand, or burlap maintained in a moist condition. [...] Early drying must be
prevented or the concrete will not reach full potential quality. In warm, dry, windy
weather, corners, edges, and surfaces become dry more readily. If these portions are
prevented from drying and fully develop hardness and quality, interior portions will have
been adequately cured.”

It is stated that “...specifications usually require that concrete, which is to be water cured,
shall be kept moist at least 14 days. [...] Tests indicate that a period of drying after
completion of moist curing considerably enhances the resistance of concrete to sulfate
attack, probably as a result of carbonation.”

“Wood forms left in place provide good protection from the sun, but will not keep the
concrete sufficiently moist to be acceptable as a method of moist curing for outdoor
concrete. However, the surfaces of ceilings and inside walls require no curing other than
that resulting from forms being left in place for at least 4 days.”

Curing With Sealing Membranes:
“The membrane may be an impermeable plastic sheet placed over the surface or a film
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formed by application of liquid materials (curing compounds) to the surfaces. [...]
Laboratory test and field observations indicate that an effective membrane kept intact for
28 days provides the equivalent of 14 days’ continuous moist curing.”

Curing compounds are usually sprayed on the surface of the concrete.

“Proper care of a concrete surface prior to compound application is highly important.
Beginning promptly after form removal, formed surfaces should be saturated with a fine
spray of water until they will absorb no more water. Thereafter, the surfaces should be
moistened frequently to maintain continuous curing through the interval after form
loosening and stripping and before the compound is applied. The compound is then
applied as soon as the free moisture on the surface has disappeared. On unformed
surfaces, the compound should be applied immediately after the bleeding water or shine
disappears, leaving a dull appearance.”

The continuity of curing membranes should be carefully maintained for a minimum of 28
days to be fully effective.

Sheet plastic is frequently used in the curing of slabs and structural shapes. Specifications
will usually require this type of membrane material be maintained for at least 14 days.

Precautions to be Observed During Hot Weather:

“Although attention to curing requirements is important at all times, it is especially so in
hot, dry weather because of the greater danger of...cracking. Higher temperatures with
low humidity cause sprinkled surfaces to dry faster and to require more frequent
sprinkling; hence, the use of wet burlap and other means of retaining the moisture for
longer periods becomes increasingly desirable.”

Precautions to be Observed During Cold Weather:

Concrete gains strength much slower at low temperatures. “For this reason,...
specifications require that concrete be protected against freezing temperatures for at least
48 hours after being placed when the mean daily temperature is 4.5 °C (40 °F) or above.
They also provide that when the mean daily temperature is below 4.5 °C (40 °F) concrete
should have a temperature of not less than 10 °C (50 °F) and should be maintained at not
less than 10 °C (50 °F) for at least 72 hours.”

3.4 Senbetta, Ephraim and Scholer, Charles F., A NEW APPROACH FOR
TESTING CONCRETE CURING EFFICIENCY, Journal of the American
Concrete Institute, Vol. 81, No. 1, January-February 1984, pp. 82-86.

In this article, the authors propose an approach to measuring curing efficiency based on
changes in absorptivity at different depths of a sample. The idea proposed is “...that if a
sample is adequately cured, it will have approximately the same pore structure at the
surface region as that farther beneath the surface, and in the case of poor curing, the
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opposite would be true.”

“The results [of this study] showed significantly large changes in absorptivity of the paste
between the surface and the bottom regions of poorly cured samples and negligible
changes for well-cured samples.”

Based on these differences in absorptivity values, a quantitative dividing line between
adequate and inadequate curing can be determined.

The authors concluded “...that a better approach for evaluating how well concrete is cured
is looking at some measurable physical property of the concrete itself, and not just the
materials used for curing the concrete.”

“It is believed that the solid materials in hardened cement paste normally occupy 45 to 60
percent of the total volume of the paste, and the average porosity is 40 to 55 percent.” [...]
Concerning the importance of curing, “...next to water-cement ratio, proper curing of the
paste has the greatest influence on its porosity, especially the porosity at the surface
region.”

With respect to permeability, “...at a given age, other than water-cement ratio, the degree
of hydration of the cement, i.e., the extent of the curing, has the strongest influence on the
permeability of the paste.”

“In dealing with permeability, the presence of capillary pores is of prime interest because
cement paste is 20 to 100 times as permeable as cement gel, and therefore, the gel pores
have a very minor role to play.”

In this study “...slabs were cured under five different conditions:
covered with wet burlap

covered with plastic sheet

coated with curing compound that was later found to be poor quality
left exposed

left exposed in a windy environment”

M

The slabs were made of mortar with a water-cement ratio of 0.50 and a sand-cement ratio
of 2.74. Curing periods varied from one to five days, and the slabs were exposed
subsequently to air at 22, 44, and 72 percent RH.

The results, as expected, were “...the more effective the curing (as was the case with the
wet burlap and plastic cover), the smaller the difference in the absorptivity between the
top and bottom regions, and large changes in absorptivity were observed for the
ineffective curing methods.” Tests showed “...that the absorptivity of the surfaces of the
poorly cured samples was approximately six times that of the well-cured samples.”

“Based on differences in absorptivity values at depths of 1 and 6 cm (0.39 and 2.36 in.),
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with a 97.5 percent confidence, it was determined that a difference of < 3.7 x 107
cm? /sec (0.57 x 107 in? /sec) was indicative of adequate curing and a difference of >
5.5x 107 cm? /sec (0.85 x 10~° in? /sec) was an indication of inadequate curing.”

Conclusions are:

e “The absorptivity test is a simple, sensitive, and quick measure of the extent of
cement hydration and the resulting pore structure of the paste in mortar samples.”

e “Poor curing affects only the exposed surface for a depth of approximately 3 cm (1.18
in.) for the worst atmospheric and curing conditions encountered in this study.”

e “The use of absorptivity differences between two different zones, such as the tops and
bottoms of slabs, to determine the effect of curing practices may be applicable
regardless of mix proportions because the quantity of interest is the difference
between two zones of the same sample.”

3.5 RESEARCH NEEDS FOR HIGH-STRENGTH CONCRETE, Reported by
ACI Committee 363, ACI Materials Journal, Vol. 84, No. 6, Nov-Dec 1987, pp.
559-561.

The following statements are related to curing:

“The properties of high-strength concretes [HSC] are frequently determined based on
specimens cured in an ideal laboratory environment. Information on the effect of curing
procedures used in the field are needed to develop greater confidence in the use of the
material. Field conditions would simulate the environmental changes as well as the heat
of hydration effects produced by the concrete mass.”

“Evaluations should include the use of different chemical and mineral admixtures to
produce the high-strength concretes and the effects of these admixtures on mechanical
properties and durability over a long period of time. The role of mineral admixtures, such
as silica fume, for a high-strength concrete should be carefully examined.”

Construction with HSC has been hampered by the lack of general information on the safe
and economical use of this material in the field.

3.6 Maage, Magne and Sellevold, Erik J., EFFECT OF MICROSILICA ON THE
DURABILITY OF CONCRETE STRUCTURES, Concrete International, Vol.
9, No. 12, December 1987, pp. 39-43.

This paper reports on cores taken from concrete structures both with and without

microsilica (silica fume). The cores were tested by mechanical and microscopic methods.
The test results showed no significant detrimental changes in the long-term structural
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properties of concrete containing microsilica. With respect to carbonation, “...the
microsilica concretes showed greater variation [between mean values of carbonation for
the two types of concretes—with and without microsilica], possibly a consequence of the
greater sensitivity of this type concrete to early curing conditions.”

3.7 Senbetta, E. and Malchow, G., STUDIES ON CONTROL OF DURABILITY OF
CONCRETE THROUGH PROPER CURING, Concrete Durability, Katharine
and Bryant Mather International Conference, SP-100, American Concrete
Institute, 1987, pp. 73-87.

“The objective of this study was to develop test data which show the impact of curing on
the properties of concrete that are related to durability. These properties include the
degree to which concrete resists abrasion, the resistance to corrosion of reinforcing steel,
resistance to scaling, volume stability, and pore structure development as measured by
absorptivity method. A secondary objective of this study was to compare the effect of
different curing methods on durability, including differences in performance between
different curing compounds.”

“Assuming that a piece of concrete is made from a well proportioned mix using suitable
materials and employing adequate placing and finishing techniques, the curing of the
concrete has the greatest influence in the porosity and permeability of the concrete, and
hence, on its durability and strength at the surface region. Unfortunately, proper curing is
one of the most neglected steps in the construction process. One estimate is as much as
24% of all the concrete placed in nonresidential construction alone in the United States in
1979 was not cured at all, and only as little as 26% was cured according to job
specifications.” The situation is probably not any better today.

The authors state that “...next to the water to cement ratio, proper curing of the paste has
the greatest influence on the porosity of the paste and especially the porosity of the paste
at the surface region.”

“For a given concrete mix proper curing is key to reducing porosity and measures to
reduce drying shrinkage or to compensate for the expected shrinkage have been shown to
diminish cracking.”

The curing conditions considered in this study included: “moist curing in a 100% relative
humidity room, completely sealing the surface using resin modified paraffin
wax,...applying a fairly good quality curing compound ..., applying a relatively poor
quality curing compound ..., and covering with plastic sheet. Air drying without the use
of any curing material was the control.”

Concrete for the various test specimens had a water-cement ratio of 0.67. The curing
materials were applied soon after bleed water had evaporated from the surface.
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Specimens were cast to evaluate abrasion resistance, drying shrinkage, corrosion activity,
chloride ion concentration, and absorptivity.

With respect to shrinkage after seven days, “...the drying shrinkage of the well protected
specimens was only 20% of the pootly cured specimens.”

surface, and the higher the chloride ion concentration resulting in greater corrosion.
Compared to the well cured concrete the chloride jon concentration of the poorly cured
concrete was found to be nearly 50% higher.”

It was evident that “..the less effective the curing, the more permeable the concrete

“For a given water-cement ratio, if the absorptivity is high, it indicates poor curing and
high porosity.” [...] It should be noted that “...neglecting the curing of concrete can
increase its surface absorptivity anywhere from six to ten times of what it would have
been if steps were taken to insure proper curing.”

“The conclusions from this study are...:

1. Proper curing can increase the abrasion resistance of concrete by 50% or more
compared to air drying without the use of curing materials or the use of poor quality
curing materials. The effect of curing becomes more pronounced with the severity of
the atmospheric conditions.

2. Effective curing methods used for sufficiently long durations can significantly reduce
drying shrinkage cracking by reducing both the rate and magnitude of shrinkage at a
given early age.

3. The corrosion potential of steel in concrete that is subjected to surface applied
chlorides is significantly affected by how well the concrete is cured because the
permeability of the concrete surface to chlorides is greatly influenced by the curing.
The time to the start of corrosion activity as well as the rate of corrosion are
significantly affected. Everything else being equal, by curing concrete properly it is
possible to increase the service life of a structure through the control of the corrosion
of the steel in the concrete.

4. The effect of curing on the development of the pore structure of cement paste has
been shown clearly with the absorptivity approach. The capillary porosity of the
surface region of concrete can be reduced by as much as 80% or more (depending on
the ambient conditions) by curing the concrete properly. This has a significant impact
on corrosion and scaling potential.

5. Taking the necessary steps to promote proper curing of concrete should be an
indispensable part of the construction process if the concrete is to achieve its full

potential. This includes selecting effective curing methods and materials since the
effectiveness of curing materials, particularly curing compounds, varies a great deal.”
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3.8 Whiting, D., DURABILITY OF HIGH-STRENGTH CONCRETE, Concrete
Durability, Katharine and Bryant Mather International Conference, SP-100,

DweE v nown mmenda Too 4L 4.. id. 100™ ___ 470 40r

American Concrete Insti ¢, 10/, pp. 107-180.

“Concrete mixtures were designed to nominal 28-day compressive strengths of 41, 55,
and 69 MPa (6,000, 8,000, and 10,000 psi) using mix designs typical of commercial
production of high strength concretes.”

Concrete specimens were produced using moist curing as well as moist curing followed
by air curing.

“Air curing had generally beneficial effects on resistance to freezing and thawing and
application of deicing agents to normal strength, air-entrained concretes, but had little
positive influence on durability of high strength mixtures.”

“The objective of this study was to develop information on the durability of high strength
concretes under conditions of freezing and thawing and application of deicing agents. The
information developed could be used to make recommendations on the minimum air
content needed for durability of high strength concrete under various conditions of curing
and exposure. The objectives were carried out under the following scope:

1. Concretes were prepared at nominal strength levels of 41 MPa (6,000 psi), 55 MPa
(8,000 psi) and 69 MPa (10,000 psi). Air contents were selected in the ranges of non-
air entrained, 3 to 4% , 4 to 6% , and 7 to 9% , by volume of concrete.

2. Concretes were given two types of curing, These were (a) a 28-day moist cure and (b)
a cure consisting of 7-days moist followed by 21 days of air drying. Cure b was
applied only to the 41 MPa (6,000 psi) and 69 MPa (10,000 psi) concretes.

3. Specimens were tested for resistance to freezing and thawing...and resistance to deicer
scaling....”

“Performance of non-air entrained concretes in this study was poor, irrespective of
strength level or type of curing.”

The cement used in these studies was an ASTM Type I that has been successfully used on
projects in Chicago, Illinois, involving high strength concrete construction.

“Specimens were stripped from their molds the day following casting and placed in a
moist room maintained at 23+1.5 °C (73£3 °F) and 100% relative humidity (condensing)

for the selected period of cure.”

The author’s conclusions are as follows:

51




s “Regardless of strength level or type of curing, performance of non-air entrained
concretes with respect to resistance to freezing and thawing and deicer scaling is poor.

e The air-entrained concretes produced in this study performed well when exposed to
freezing and thawing while continuously submerged in tapwater, even at air contents
in the range of 3 to 4 percent measured in the plastic concrete. Scaling induced by this
freezing was less in the higher strength concretes.

e Air-entrained, high strength concretes showed less resistance to deicer scaling than
concretes of more moderate strength levels produced at equivalent air contents.

e Air curing had a beneficial effect on improving durability of concretes of moderate
strength levels with respect to both freezing and thawing in water and application of
deicing agents. Air curing had less of an effect on durability of high strength
concrete.”

3.9 Schonlin, K. and Hilsdorf, H., EVALUATION OF THE EFFECTIVENESS
OF CURING OF CONCRETE STRUCTURES, Concrete Durability,
Katharine and Bryant Mather International Conference, SP-100, American
Concrete Institute, 1987, pp. 207-226.

The synopsis for this article states: “For the evaluation of the effectiveness of curing of
concrete in the field a non-destructive, rapid test method has been developed. With this
method air permeability of concrete surface layers is measured within a period of about
10 minutes, expressed in terms of a permeability index.

Laboratory experiments show a close correlation between the measured permeability
index and the duration of curing, curing temperature, type of cement, w/c-ratio and
content of fly ash of the concrete. The method is very sensitive to changes in most
parameters which affect the pore structure of the hydrated cement paste and thus the
durability of concrete structures under normal exposure conditions.”

Inadequate curing practices are the primary cause of durability problems with concrete in
many parts of the world. In the field, the durability of concrete is largely determined by
the properties of the surface layers, and these properties depend on the curing
effectiveness.

“Air permeability of the surface region of a concrete member is influenced by the
porosity as well as by the pore size distribution of the hydrated paste.”

“Since the thickness of the surface layer through which air flow occurs is unknown or at

least not well defined the permeability of the concrete surface layer is described in terms
of the permeability index M.
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M=Q/Ah

where M = permeability index [m2/sec]
Q =rate of flow [m3/sec]
Ah = pressure difference of air in the vacuum chamber and the atmosphere
[mbar]”

An experimental program determined the permeability index for different types of
concrete exposed to various curing conditions. “The parameters studied were duration of
curing, curing temperature, type of cement, w/c-ratio and fly ash content.” Permeability
decreases with increasing duration of curing.

The authors report the following conclusions:

e “A test apparatus was developed which allows an estimate of curing of concrete on
the basis of a permeability index as a measure of the air permeability of a concrete
surface layer.

e The test method is non-destructive, applicable under site conditions and gives results
within approximately 10 minutes.

e Experiments carried out with different concretes showed that the test method
confirms the well-known behaviour [sic] of concrete relative to duration of curing,
curing temperature, and type of cement and w/c-ratio.

e The permeability indices measured vary by several orders of magnitude depending on
the properties of the surface layer of the concretes and thus distinguishes very well
between ‘good’ and ‘bad’ concrete surfaces.

e There appears to be a limiting value of the permeability index which cannot be
reduced significantly by further curing. This value was similar for all concretes
examined and is about 10 to 30 x 10! m%/sec.”

3.10 Carrasquillo, P. M. and Carrasquillo, R. L., EVALUATION OF THE USE
OF CURRENT CONCRETE PRACTICE IN THE PRODUCTION OF
HIGH-STRENGTH CONCRETE, ACI Materials Journal, Vol. 85, No. 1,
January-February 1988, pp. 49-54.

“A research program was conducted for the study of various quality-control procedures as
applied to high-strength concrete. Over 1000 specimens for strength evaluation were cast
from 29 high-strength concrete mixtures having compressive strengths ranging from 41.4
MPa to 100 MPa (6,000 to 14,500 psi) at 28 days. Variables investigated included test
specimen size, cylinder mold material, curing conditions, addition of superplasticizer, and
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cylinder capping method.”

Concrete specifications and quality-control procedures as currently written and used may
not be applicable to high-strength concrete.

“The effects of three different curing conditions on both the flexural and compressive
strength of high-strength concrete were investigated. The first condition was standard
moist curing at 100% relative humidity and a temperature of 23 + 1.7 °C (73.4 + 3 °F).
For the second condition, the specimens were coated with a curing compound upon
demolding at 24 hr, and then stored under ambient conditions. For the third curing
condition, the specimens were demolded at 24 hr, and stored under ambient conditions
without application of a curing compound. For the period of these tests, ambient
temperatures were between 27 and 38 °C (80 and 100 °F), and the relative humidity was
between 30 and 60 percent. The second and third curing conditions were used in an effort
to simulate field-curing conditions and to determine how specimens cured under these
conditions compared to those given ideal moist curing.”

Results were “...cylinders cured under ambient conditions and treated with a curing
compound tested slightly higher than standard-cured cylinders at ages up to 15 days.
However, when tested at 28 days, cylinders receiving standard moist curing yielded
approximately equal results with those stored under ambient conditions either with or
without a curing compound.... At test ages of 56 to 91 days,...the compressive strength of
standard moist-cured cylinders surpassed that of cylinders stored under ambient
conditions and treated with a curing compound.”

“The effect of curing conditions on the flexural strength of high-strength concrete is
much more pronounced than on the cylinder compressive strength.... Field-cured beams
treated with curing compound and stored under ambient conditions tested, on average, at
58 percent of beams moist cured until testing for test ages of 3, 7, and 28 days.

The higher compressive strength at early ages of cylinders treated with curing compound
could be attributed to accelerated hydration due to storage at higher temperatures than the
ideal moist curing temperature of 23 + 1.7 °C (73.4 £ 3 °F). However, by 28 days, the
effect of drying and accelerated curing of the specimens is reflected in decreased strength
when compared to standard moist-cured specimens. The significant difference in flexural
strength between high-strength concrete beams that are moist cured and field cured can be
attributed in part to drying of the surface of the concrete specimens coated with the curing
compound. This drying induces an initial tensile stress at the surface, thus resulting in
lower apparent strengths at failure.”

“Both the compressive and flexural strengths of high-strength concrete specimens are
lower when cured under field conditions than when given standard moist curing.”
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3.11 Senbetta, Ephraim, CONCRETE CURING PRACTICES IN THE UNITED
STATES, Concrete International, Vol. 10, No. 11, November 1988, pp. 64-67.

This article summarizes the results of a survey sent to all 50 state highway departments to
obtain information about their concrete-curing practices.

“The most commonly used method of curing concrete pavements, bridge decks, and other
structures under the jurisdiction of the state highway departments is application of
membrane-forming curing compounds.”

“The most commonly specified durations of curing are three days minimum and seven
days maximum.”

Major conclusions from the survey are:

o “Specifying a minimum coverage rate is used by almost all the states as the primary
means of insuring good curing. However, only eight percent of the states take into
consideration surface texture of the concrete when specifying coverage rates.”

e “The minimum curing period specified by most states (three days) seems to be too
short, especially for bridge decks.”

The author emphasizes “...there is a clear need for educational programs designed to
increase the awareness of practitioners about the virtues of curing concrete and the
consequences of neglecting it.”

3.12 Bentur, Arnon and Goldman, Ariel, CURING EFFECTS, STRENGTH AND
PHYSICAL PROPERTIES OF HIGH STRENGTH SILICA FUME
CONCRETES, Journal of Materials in Civil Engineering, Vol. 1, No. 2, May
1989, pp. 46-58.

“The physical properties of high strength silica fume [SF] concretes and their sensitivity
to curing procedures were evaluated and compared with reference portland cement
concretes, having either the same concrete content as the silica fume concrete or the same
water to cementitious materials ratio. {...] The effects of poor curing procedures on the
strength, and the skin properties, were found to be equally detrimental in the reference
and in the silica fume concretes.”

“Since many of the high strength concretes are formulated by using pozzolans, and the
silica fume might be included in this category, there is always the concern to what extent
are these concretes more sensitive to the water curing procedures than concretes prepared
with portland cement only. This is particularly important in hot-dry climatic conditions,
where the concrete is dried more readily, thus perhaps eliminating the moisture that is
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needed for the progress of the pozzolanic reaction which can continue to occur beyond
the initial few days of the water curing period. In evaluating the effect of curing, one
should consider the overall strength of the concrete, as well as the properties of the
concrete skin..., which protects the steel reinforcement. Since drying is not uniform and
occurs more readily in the skin, there may be enough moisture in the core of the concrete
to facilitate reasonable strength generation, but the ~25 mm (1 in) thick skin may not
develop the dense microstructure obtained in the core.”

The objective of this study was “...to characterize high strength silica fume concretes
from the points of view of heat generation, shrinkage and sensitivity to curing, and to
compare their performance with that of concretes made of portland cement only, having
either the same cement content or the same water to cementitious materials ratio.”

Tests were carried out to determine:

“(1) The heat evolution in adiabatic conditions;

(2) the shrinkage of mature concretes; and

(3) the effect of curing on the strength and on the properties of the skin.”

Curing methods:

“The effect of limited water curing was evaluated in two different environmental
conditions, one of which might be considered as mild (20 °C/60% RH) (68 °F/60% RH)
and the other as harsh (30 °C/40% RH) (86 °F/40% RH). The water treatment in the mild
conditions included 7 days curing in water, followed by exposure to 20 °C/60% RH (68
°F/60% RH) until the age of test. For comparison, companion concrete specimens were
kept continuously in water until testing.”

“The water curing procedure in the 30 °C/40% RH (86 °F/40% RH) conditions was
intended to simulate a field practice in which the concrete is sprayed twice a day with
water and then exposed to the hot-dry conditions. This was achieved by immersing the
concrete specimens in water for 5 minutes, twice a day, and then exposing to 30 °C/40%
RH (86 °F/40% RH). This water treatment was carried out for 1, 2, 3 or 6 days,
immediately after demolding. [...] For comparison to a proper water curing procedure,
companion specimens were subjected to a 6 day continuous water immersion (after being
sealed in the molds for the first day) and then exposed to 30 °C/40% RH (86 °F/40%

RI_I).”

Effect of Curing:

In the silica fume concretes, “...the air curing was not detrimental to strength. This might
be attributed to the observations that the strengthening influence of the silica fume takes
place quite early, during the period 1 to 28 days..., in contrast to later age effects in
conventional pozzolans, and the possibly slower rate of drying from within the silica
fume concrete, which can apparently develop a tight microstructure after 7 days of water
curing.”
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"..results suggest that even for poor curing procedure, there is no significant difference
between the reference and the QF concretes with resnect ta incraage in tha danth ~F
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carbonation.”

“...for 3 to 6 days of intermittent spray curing, the reduction in strength was about 20%,
whereas the increase in depth of carbonation was about 100%. This suggests that in these
systems, regardless of the composition of their cementitious material, the adverse effect
of limited water curing is of greater consequence to the properties of the concrete skin
(represented by the depth of carbonation) than to the compressive strength of the bulk
concrete.”

Conclusions:

1. “The presence of SF resulted in a marked increase in strength, especially at 28 days,
but also at 1 day.”

2. There is “...an accelerating effect of the SF on the reaction of the portland cement, and
this may account for the relatively high strength achieved at one day, although the
pozzolanic reaction is probably not very effective at this stage.”

3. “The presence of SF reduced the shrinkage strains considerably, and this was
accounted for by the much lower rate of weight loss in this system, due probably to its
much finer pore structure.”

4. “The effects of poor curing procedures on the strength and skin properties of
concretes were found to be equally detrimental in the reference and in the SF
concretes.”

3.13 Asselanis, Jon G., Aitcin, Pierre-Claude, and Mehta, P. K., EFFECT OF
CURING CONDITIONS ON THE COMPRESSIVE STRENGTH AND
ELASTIC MODULUS OF VERY HIGH-STRENGTH CONCRETE, Cement,
Concrete, and Aggregates, Technical Note, Vol. 11, Summer 1989, pp. 80-83.

“Since freshly made concrete is very permeable and can rapidly lose moisture to the
environment, the importance of moist curing is well emphasized in both laboratory and
field practice. To achieve adequate levels of strength and durability, it is generally
recommended that ordinary concrete be moist cured for periods ranging from 7 to 28
days.”

“High-strength concrete mixtures contain relatively high cement content, a
superplasticizing mixture, and very low water content....” Normally about 0.3 water-
cement ratio is used. “Such mixtures can achieve a discontinuous pore structure and low
permeability within a few days of cement hydration. The need for prolonged moist curing
to obtain the desired levels of strength and imperviousness, which is well established with
ordinary concrete mixtures, is therefore questionable in the case of high-strength

57




concrete. The purpose of the laboratory study reported here was to evaluate the influence
of curing conditions on the properties of high-strength concrete. Compressive strength,
elastic modulus, and stress-strain behavior were among the properties investigated.”

Portland cement Type II with a water-cement ratio of 0.31 was used. The mixture
contained both silica fume and a superplasticizer. Compressive strengths obtained at 28
days ranged from 81.2 MPa (11,780 psi) for air cured specimens to 99.2 MPa (14,390
psi) for 7 days moist cured followed by 14 days air cured.

“With a given aggregate type, generally there is a direct relationship between
compressive strength and elastic modulus.” Results show that “...the elastic modulus data
[from this study] confirm the general conclusions drawn...[concerning] the influence of
curing conditions on compressive strength of the high-strength concrete. For instance,
specimens moist cured for only 1 d...showed significantly lower strengths and elastic
moduli than specimens moist cured for 7 d or more and subsequently air cured....”

Test results confirmed “...that with high-strength concrete a prolonged period of moist
curing beyond the initial 7 d is not needed for improvement of mechanical properties of
concrete.”

Results from stress-strain tests indicate that stress relaxation time is increased by dry
curing.

With respect to weight changes, tests showed “...that 1 d moist curing in molds did not
make the concrete impervious enough to prevent substantial moisture loss.” However, ...
concretes moist cured for 7 days appear to have acquired sufficient imperviousness.”

The authors had the following conclusions:

“Based on the results of experimental work with a high-strength concrete mixture (0.3
water/cement ratio), it is concluded that a 7-d moist-curing period is sufficient to make
the concrete sufficiently impervious. Further moist curing beyond this period was not
needed to substantially enhance the compressive strength and elastic modulus of concrete.
Curing in air after the initial 7-d moist curing caused considerable improvement in
engineering properties. This is because the concrete, having become impervious, retained
enough moisture needed for cement hydration. The weight changes data under different
curing conditions generally support the conclusions.”

3.14 Collins, Therese M., PROPORTIONING HIGH-STRENGTH CONCRETE
TO CONTROL CREEP AND SHRINKAGE, ACI Materials Journal, Vol. 86,
No. 6, November-December 1989, pp. 576-580.

“The results of the test program reported in this article showed that creep and shrinkage

deformations are somewhat less for concrete mixtures with lower paste contents and
larger aggregate size.”
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“Concrete creep is influenced by mixture proportions, type of aggregate, and age at
loading. Concrete shrinkage is directly related to water-cement ratio, mixture proportions,
type of aggregate, and curing conditions.” There is not much information available on the
creep characteristics of high strength concrete.

“An experimental investigation was conducted on high-strength concrete produced in the
St. Paul-Minneapolis area. The test program consisted of preparing five concrete mix
designs and documenting the strength, modulus of elasticity, creep, and shrinkage
characteristics.”

The Type I portland cement was used. The water-cementitious materials (cement plus fly
ash) ratio had a target value of 0.36.

Conclusions:

e “The shrinkage deformation is inversely proportional to the moist-curing time. The
longer the moist-curing time, the lower the shrinkage deformation.”

e “The creep deformation increases directly with an increase in the applied stress level.”

e Test results from this study indicate that concrete mixtures that contain a large
maximum aggregate size {38.1 mm (1) in)} along with a low paste content will
provide more desirable creep and shrinkage characteristics.

e “The use of a high-range water-reducing admixture did not have a significant effect
on the creep and shrinkage deformations.”

e “By lowering the paste content and maximizing the coarse aggregate, a high-strength
concrete can be produced with a modest improvement in creep and shrinkage
deformations. However, the reduction in stress level has a much more significant
effect on the resulting creep and shrinkage strains. To lower the stress level, a
concrete facility should explore the highest strength, most dense concrete possible.”

NOTE: Items numbered 3.15 through 3.22 below are from: Proceedings, Third
International Conference, Fly Ash, Silica Fume, Slag, And Natural Pozzolans In
Concrete, Trondheim, Norway, 1989, ACI SP-114, American Concrete Institute

3.15 Roy, D. M., FLY ASH AND SILICA FUME CHEMISTRY AND
HYDRATION, Vol. 1, pp. 117-138.

“This paper discusses the chemistry and hydration reactions of silica fume (SF) and fly
ash (FA) blends in a general sense.”
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“The hydration of cement is relatively complex and becomes additionally so when
supplementary cementing materials are added.”

“Hardened cement paste has a finely intergrown microstructure dominated by the major
binding component, the very fine high surface area intergrowth of calcium silicate
hydrate (C-S-H).”

“When fly ash or silica fume are added, the hydration process is affected substantially,
reflecting the modified chemical composition, reactivity of the components, their particle
size, size distribution, shape, and other factors which affect the final paste structure and
its performance as the matrix of concrete. The utilization of..FA and...SF therefore
presents challenges and opportunities; their addition to the concrete mixture affects both
the hydration process and the characteristics of the hardened concrete.”

“The hydration reactions in cement pastes incorporating fly ash and silica fume are
responsible for the microstructural development. These complex reactions involve phase
solubility, accelerating and retarding effects of a multiphase, multi-particle material, and
surface effects at the solid-liquid interface. The initial degree of dispersion of cement and
blending agents in the paste strongly influences the development of final hardened paste
microstructure. Surface charge, as measured by the zeta-potential at the solid-liquid
interface...reflects the dispersion of the system. The floc structure of fresh cement paste
affects its workability, and the incorporation of ash affects the floc structure, generally
interrupting the structure, creating smaller units, thereby imparting greater fluidity.
Adequately dispersed silica fume can provide a similar effect and also, due to its ultra-
fine particle size, fill the intergranular interstices and produce a denser paste structure,
reflected in very high strength.”

“Both physical and chemical characteristics influence the hydration kinetics of each of
the blended cement materials in a specific manner. Silica fume ordinarily accelerates the
early portland cement hydration, largely because of its very high surface area,
accelerating and increasing the heat development resembling a high early strength
cement. Fume also disperses the hydration product, provides for deposition of C-S-H, and
thereby fills the pore interstices with fine hydration products. Its optimal use is with
superplasticizers to minimize the water demand and adequately disperse the fine particles.
Dense products with fine pore size, very low permeability, and low ionic diffusivity
commonly are the result. Despite the rapid early hydration, much silica fume remains
unreacted until a later stage.”

3.16 Killoh, D. C., Parrott, L. J., and Patel, R. G., INFLUENCE OF CURING AT
DIFFERENT RELATIVE HUMIDITIES ON THE HYDRATION AND
POROSITY OF A PORTLAND/FLY ASH CEMENT PASTE, Vol. 1, pp. 157-
167.

Paste specimens (8 mm thick) were made with a water-binder (ordiﬁary portland cement
+ pulverized fly ash) of 0.59 and were cured under saturated conditions for 7 days. The
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specimens were then stored in containers at relative humidities (r.h.) ranging from 12 to
100%. At ages of 7, 28, and 91 days the degree of hydration and porosities were
measured.

“The strength and durability of concrete depend largely on the extent to which the
hydrates produced fill the space originally occupied by water, and on the effectiveness of
these hydrates in producing a dense low permeability matrix. Whereas strength is a bulk
property of the concrete, durability is controlled in the main by the surface layers. High
porosity in the surface will allow the ingress of deleterious agents which may cause
durability problems. Drying of the concrete, particularly at early ages, caused by a poor
curing regime leads to restricted hydration in the surface layers and thus to higher
porosities and permeabilities.”

Data from this paper shows “...that very little further hydration occurs after 7 days curing
if the relative humidity is then held below 70%.... Above 70% r.h. hydration increases
almost linearly up to saturated curing. Both the hydration and the pozzolanic reaction
appear to be affected similarly by a reduced curing relative humidity; below 70% r.h.
reaction virtually ceases.”

“The fact that large diameter porosity only decreases above 95% r.h. has some very
important implications. The permeability of a concrete is largely controlled by the
volume of large pores and their connectivity. Whilst nothing can be said from this data
about pore connectivity it is clear that high moisture contents are essential to obtain a
minimum large diameter porosity.”

“An exposure relative humidity of less than 95% for a significant period is likely to cause
a very significant increase in the permeability of a concrete. Whilst this may occur when
curing has been completed, it is evident that prolonged moist curing at early ages will
ensure, particularly for OPC/pfa concrete, a low large diameter porosity, a high diffusion
resistance and hence good durability.”

“Total porosity is little affected by the curing relative humidity after the initial 7 day
moist curing period, decreasing only a very small amount even under saturated condition
up to 90 days.”

3.17 Ronne, M., EFFECT OF CONDENSED SILICA FUME AND FLY ASH ON
COMPRESSIVE STRENGTH DEVELOPMENT OF CONCRETE, Vol. 1, pp.
175-189.

This paper reports on an investigation among three laboratories of the effect of various
curing conditions on the long-term (up to 2 years) compressive strength (cube) of normal
strength concrete made with additions of fly ash and silica fume plus fly ash. Six curing
conditions were used:

e Cured under water at 20 °C from the time of demolding until testing.
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Cured in air at 20 °C and 50% r.h. from time of demolding until testing.

Cured under water at 20 °C for 3 days and then cured in air at 50 % r.h. until testing.
Stored in plastic molds exposed to air at 50% r.h. to simulate drying from one face.
Cured under water for 28 days at 20 °C then cured under water at 70 °C.

Cured in air at 20 °C and 50% r.h. for 28 days then exposed to air at 70 °C.

“Good initial curing conditions in the first three days of curing gave an improvement in
compressive strength compared to the samples dried immediately after demolding.”

Concrete with condensed silica fume proved to be more sensitive to drying than concrete
without it.

3.18 Thomas, M. D. A., Matthews, J. D., and Haynes, C. A.,, THE EFFECT OF
CURING ON THE STRENGTH AND PERMEABILITY OF PFA
CONCRETE, Vol. 1, pp. 191-217.

“Tests were carried out on a series of concrete mixes, designed to equal workability and
28-day compressive strength and with a range of pfa [pulverized-fuel ash] levels, in order
to study the effect of curing on the strength and permeability of pfa concrete. [...] The
results confirm the importance of curing, with reductions in curing period resulting in
lower strength, more permeable concrete. The strength of the pfa concretes appears to be
more sensitive to poor curing than the opc [ordinary portland cement] concrete, the
sensitivity increasing with increasing pfa content.”

“Adequate curing is essential for all concrete, whether or not it contains pulverised [sic]-
fuel ash (pfa), if the potential properties of the concrete are to be fully realized. However,
since the long-term benefits associated with the pozzolanic reaction are more evident in
well cured concrete, it has generally been considered that pfa concrete has a greater
susceptibility to poor curing than opc concrete.” It has been “...confirmed that the
compressive strength of pfa concrete is more adversely affected by inadequate curing
when compared with opc concrete but studies on the relative effects of curing on concrete
durability have drawn varied conclusions especially with respect to rate of carbonation.”

The study reported in this article looks at the response of the strength and permeability of
opc and pfa concrete to a variety of different curing conditions.

“All specimens remained in their moulds [sic] under damp hessian and polythene and at
20 °C (68 °F) until they were demoulded [sic] at 24 hours. Concrete specimens were then
given one of the following treatments:

(i) 1 day cure - i.e., air-stored immediately after demoulding [sic].

(i1) 2 days cure - kept under damp hessian and polythene for a further 1 day prior to air-
storage (cubes only).
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(iii) 3 days cure - kept under damp hessian and polythene for a further 2 days prior to air-
storage.

(iv) 7 days cure - kept under damp hessian and polythene for a further 6 days prior to air-
storage.

(v) Water-stored - immersed in water until test.”

“The long-term strength of all the concretes tested was significantly decreased by
reducing the curing period. None of the concretes initially cured for one or two days
achieved 90-day strengths in excess of their 28 day water-cured strength.”

“The [oxygen] permeability of all the concretes was decreased by extending the curing
period, those cured for only 24 hours being on average about three times as permeable as
those cured for 7 days.”

“The [water] permeability of all the concretes was significantly decreased by extending
the period of curing, those receiving only one day’s curing being as much as 210 times
more permeable than the same concrete cured for 7 days.”

With respect to both oxygen and water, permeability decreased with increasing duration
of curing and, generally, pfa content.

The importance of providing adequate curing for all concrete cannot be over-emphasized
when considering the permeability of the surface layer.

Conclusions:

1. “The effects of curtailing the period of initial curing of opc and pfa concretes
designed to equal strength grade were to retard the rate of strength development,
decrease the maximum compressive strength and increase the permeability of the
concretes to oxygen and water.

2. Under the worst conditions of curing the pfa concretes recorded lower compressive
strengths than the control but were, generally, less permeable.”

3. Recommendations for minimum periods of moist-curing and protection for concrete
are 2 days for opc concrete and 2.7 (or 3) days for pfa concrete. Indications are “...that
this longer curing period is required for pfa concrete to achieve strength parity with
opc concrete and may need to be further extended in the case of high pfa contents or
where strength parity is required at early ages. However, an extended period of curing
is not necessary in order for pfa concrete to achieve lower permeability than opc
concrete.”
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4. It is thought “...that for similarly-cured concretes of equal grade, pfa concrete with pfa
contents up to 30% will provide protection to steel reinforcement at least equal to that
of opc concrete.” '

3.19 Barrow, R. S., Hadchiti, K. M., Carrasquillo, P. M., and Carrasquillo, R. L.,
TEMPERATURE RISE AND DURABILITY OF CONCRETE
CONTAINING FLY ASH, Vol. 1, pp. 331-347.

Specimens of concrete made with fly ash were exposed to six different curing conditions
after removal from their molds at 24 hours. Curing was performed at temperatures of
11.3, 25.6, or 42.5 °C and at relative humidities of 50 or 100 %. Temperature rise,
abrasion resistance, and resistance to deicer scaling were measured.

It is known “...that concrete containing fly ash is especially sensitive to curing conditions.
Thus, properties of concrete containing fly ash which would be expected to be affected
most heavily by differences in curing conditions would be those properties which depend
on the condition of an exposed surface, such as abrasion resistance and resistance to
deicer scaling.”

“The most important factor affecting the abrasion resistance of concrete was found to be
its compressive strength at the time of testing. The various curing environments of the
test specimens played a primary role in the strength development of the concrete tested.
For the moist cured specimens containing fly ash, an increase in curing temperature was
generally accompanied by an increase in compressive strength. For the specimens
containing fly ash and cured at 50% relative humidity, the compressive strength was
generally lower than that of specimens moist cured at the same temperature.”

The authors state that “...since the compressive strength of concrete containing fly ash
may be affected more detrimentally by improper curing than that of concrete containing
no fly ash, the abrasion resistance of concrete containing fly ash may, as a result, be less.”

“Due to the strong dependence of the abrasion resistance of the concrete on its
compressive strength, and to the sensitivity of concrete containing fly ash to curing
conditions, it is recommended that special precautions be taken to ensure the adequate
curing of concrete containing fly ash.”

3.20 Holland, T. C., WORKING WITH SILICA FUME IN READY-MIXED
CONCRETE—U. S. A. EXPERIENCE, Vol. 2, pp. 763-781.

“The first silica fume admixture aimed at the ready-mixed market appeared in the United
States in 1983. Since then, the use of silica fume has developed slowly. It is currently

being used as a cement replacement material or as a performance-enhancing admixture.”

“In 1983 the first large scale project using silica-fume concrete was completed in the
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United States.” Silica fume was used to obtain a very high compressive strength to
increase the abrasion resistance of the concrete.

“The use of silica fume to achieve either high strength or low permeability has been the
primary application of the material...in the United States.”

“In a few limited areas in the United States, silica fume is also currently being used as a
portland cement replacement material.”

“Silica-fume concrete will not perform well unless it is properly cured, and proper curing
is particularly important for concretes containing high dosages of silica fume in
conjunction with low water contents. The general recommendation for curing has been to
‘over cure’ the concrete. Over curing has been emphasized to mean that to get the
maximum benefit from silica fume, more curing than would be done for conventional
concrete in the same placement should be done. As might be expected, this
recommendation has not always met with overwhelmingly positive response from
contractors.

Silica-fume concrete has been successfully cured using most of the generally accepted
practices -- wet burlap, sheets of plastic, and curing compound. As an absolute minimum,
curing equivalent to 7 days of wet curing has been recommended.

Curing of silica-fume concrete can usually begin immediately after finishing, whatever
the finishing process may be. Since high dosages of silica fume produce concrete that
does not bleed, there is no requirement to wait for the concrete to set so that the bleeding
will stop before initiating curing. On projects where finishing after setting was not
required, curing compound has been applied within a few minutes of the pass of a
vibrating screed.”

With respect to concrete subjected to accelerated curing, the author says: “Problems
relating to strength gain have been reported in some precast operations. The problem has
usually been traced to the chemical admixtures incorporated in a silica fume product
rather than the silica fume itself. Since these chemical admixtures frequently include
retarders, it has been necessary to modify the curing cycle. After the silica-fume concrete
was allowed to reach an initial set before beginning the accelerated curing, strength
problems were resolved.”

3.21 Marusin, S. L., INFLUENCE OF LENGTH OF MOIST CURING TIME ON
WEIGHT CHANGE BEHAVIOR AND CHLORIDE ION PERMEABILITY OF
CONCRETE CONTAINING SILICA FUME, Vol. 2, pp. 929-944.

“The purpose of this research was to study the influence of the length of moist curing
time on weight change behavior, chloride ion content and chloride ion distribution profile
through 10 cm (3.94 in) concrete cubes made from concretes containing silica fume (SF).
Three concretes containing 2.5, 5 and 10 percent silica fume by weight of cement,
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respectively, were prepared and tested. The concrete cubes were moist cured 1, 3, 7 and
21 days. Then, after 21 days of air-drying all the cubes were immersed in 15 percent
NaCl solution for 21 days. Following the 21-day soaking period and a subsequent 21-day
final air-drying period, chloride ion contents at four different depths were determined
using a potentiometric titration procedure.

The test results showed that weight gain rate and chloride ion penetration in all tested
concretes decreased when the length of moist curing period increased. All tested
concretes showed the best performance...after the maximum moist curing period of 21
days used in this study.”

“Water absorption, water vapor transmission and penetration of chloride ion content into
the concrete containing SF are greatly influenced by the length of moist curing period.
The lowest weight gain in salt solution and the lowest chloride ion content were achieved
with concrete cured for the maximum moist curing period of 21 days.”

3.22 Langlois, M., Beaupre, D., Pigeon, M., and Foy, C., THE INFLUENCE OF
CURING ON THE SALT SCALING RESISTANCE OF CONCRETE WITH
AND WITHOUT SILICA FUME, Vol. 2, pp. 971-989.

“Test results...indicate the importance of curing on the de-icer salt scaling resistance of
concrete. Concretes cured with a curing compound can have an excellent scaling
resistance (as good as that of concretes moist cured for 14 days), but the results seem to
vary with each type of compound used. It cannot therefore be concluded that all curing
compounds will have such a positive influence. Accelerated heat curing can have an
extremely negative influence and its use cannot be recommended for concretes that will
be exposed to de-icer salts.

The effect of silica fume on the salt scaling resistance of concrete (at least as regards

moulded [sic] surfaces) does not seem to be positive, but further research is necessary in
order to draw more complete conclusions.”
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4. LITERATURE FROM 1990 TO 1995

4.1 Haque, M. N. , SOME CONCRETES NEED 7 DAYS INITIAL CURING,
Concrete International, Vol. 12, No. 2, February 1990, pp. 42-46.

“Proper curing is essential for strength development and durability of concrete. Most
codes of practice recommend sufficient curing to achieve a maturity equivalent to seven
days moist curing, especially when the exposure conditions are likely to be severe.”

Studies were “...undertaken to evaluate the strength development and durability of the
concrete system in warm-dry {45 °C (113 °F) at 20 percent RH} and temperate-dry {23
°C (73 °F) at 40 percent RH} conditions focused on the characterisation [sic] of cement
pastes with and without fly ash. The results established that, given adequate prior moist
curing of 7 days, the strength and strength development characteristics of the cement-fly
ash paste was superior to plain cement paste in both warm-dry and temperate-dry
conditions.”

“Lack of any moist curing adversely affects the compressive strength of both plain and
fly ash concrete at all ages....”

“As the concrete ages [beyond 7 days] the detrimental effect of lack of fog curing
becomes more pronounced, the strength ratios dropping to between 59 and 80 percent at
28 days and between 44 and 70 percent at 91 days. Fly ash concrete is affected the most,
having average strength ratios of 65 percent at 28 days and 49 percent at 91 days. The
corresponding figures for plain concrete are 77 percent and 68 percent.” The strength
ratio refers to the ratio of average compressive strength between fog-cured specimens and
specimens exposed to temperate-dry and warm-dry conditions.

The author concludes that “...fog curing for at least 7 days is more important when
concrete containing fly ash will be exposed to drying ambient conditions.”

4.2 Maage, Magne, Smeplass, Sverre, and Johansen, Randulf, LONG TERM
STRENGTH OF HIGH STRENGTH SILICA FUME CONCRETE, Utilization of
High-Strength Concrete, Second International Symposium, Berkeley, California,
May 1990, 14 pp.

“Use of silica fume is important to produce high strength concrete. Possible effects on
long term properties are therefore of vital interest for the future development of high
strength concrete.

It has been reported that silica fume concrete stored in air showed strength loss from 90
days to 5 years, but reasons are not discussed. The report was based on a limited number
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of results. Similar results are not found in up to ten years old high strength concrete in
Norway neither in laboratory tests nor by testing samples from existing structures.

Results from two major research projects showed that for laboratory stored specimens,
the strength increased or was constant for concrete stored in water or air, respectively. No
difference was found between high and normal strength concretes. The increase was
somewhat higher for concretes without silica fume compared to concretes with up to 20
% silica fume by weight of cement. Furthermore, the strength increase was somewhat
higher for water stored concretes than for air stored. However, high strength silica fume
concrete was not more sensitive to early drying than concrete without silica fume.

High strength concrete from several existing structures did not exhibit the same,
consistent pattern in strength development, however. This is probably due to insufficient
documentation at an early age. However, the results did not show any significant negative
long term strength development.”

4.3 Carino, Nicholas J. and Clifton, James R., OUTLINE OF A NATIONAL
PLAN ON HIGH-PERFORMANCE CONCRETE: REPORT ON THE
NIST/ACI WORKSHOP, MAY 16-18, 1990, NISTIR 4465, December 1990.

Several definitions of high-performance concrete (HPC) being discussed in 1990 are
given:

Strategic Highway Research Program (SHRP) definition of HPC:

e It shall have one of the following strength characteristics:
1. 28-day compressive strength greater than or equal to 70 MPa (10,000 psi), or
2. 4-hour compressive strength greater than or equal to 20 MPa (3,000 psi), or
3. 24-hour compressive strength greater than or equal to 35 MPa (5,000 psi)

¢ It shall have a durability factor >80% after 300 cycles of freezing and thawing.

e It shall have a water-cementitious materials ratio less than or equal to 0.35.

The definition used at the NIST/ACI Workshop:

“Concrete having desired properties and uniformity which cannot be obtained routinely
using only traditional constituents and normal mixing, placing, and curing practices. As
examples, these properties may include:

Ease of placement and compaction without segregation

Enhanced long-term mechanical properties

High early-age strength

High toughness

Volume stability

Long life in severe environments”

Area requiring research for wider use of HPC: “Curing of low w/c [water-cement ratio]
HPC (and development of recommended practices).”
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The following research needs were identified in the general area of curing HPC:

e “Evaluate effectiveness of moist curing considering the completeness of hydration as
a function of time.”

“HPC will typically have very low permeability which may restrict the inward movement
of moisture, thereby, impeding the hydration of the inner core of concrete elements made
with low water-cement ratios. Information is needed on the effectiveness of moist curing
to determine if new curing practices should be developed.”

e “Seek an understanding of interactions between ambient exposure conditions, mix
rheology, and needed evaporation control measures.”

“HPC usually does not exhibit bleeding and thus surface drying cracking can develop if
the evaporation of moisture is not curtailed. Information is needed on the effectiveness of
methods for controlling evaporation, such as fogging and evaporation retardants. The
effects of the methods on the quality of the near-surface hardened cement paste should be
investigated by considering the resulting surface w/c ratio, durability (e. g., abrasion
resistance), and permeability.”

e “Develop a more comprehensive understanding of the effects of internal curing
temperatures on HPC, and develop guidelines for curing HPC based on sound
technical knowledge.”

“HPC will usually have higher cement contents than normal concrete, and thus higher
internal temperatures. The effects of higher internal temperatures on microstructure
(e. g. microcracks) and strength need to be determined.”

e “Develop methods to determine degree of curing of HPC.”

“The cement in HPC will not hydrate to the same extent as that in conventional concrete.
The properties of HPC may be more sensitive to degree of curing than conventional
concrete. Therefore, methods are needed to reliably determine the degree of curing of
HPC.”
L 4

“The maturity concept has proven to be a convenient tool for monitoring strength gain
during the curing of conventional concrete. The applicability of the maturity concept to
HPC mixtures needs to be investigated.”
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4.4 Kijellsen, Knut O., Detwiler, Rachel J., and Gjorv, Odd E., DEVELOPMENT
OF MICROSTRUCTURES IN PLAIN CEMENT PASTES HYDRATED AT
DIFFERENT TEMPERATURES, Cement and Concrete Research, Vol. 21,
No. 1, January 1991, pp. 179-189.

“Various methods have shown indirectly that insufficient time for diffusion of the
hydration products and the large pores that form as a result are responsible for the
reduction in strength of concretes cured at elevated temperatures.”

“This paper describes an examination of the developing microstructure of cement pastes
hydrated at 5-50 °C (41-122 °F).” Results show “...that low curing temperatures result in
a uniform distribution of hydration products, while elevated temperatures result in a
coarsened pore structure. [...] Compressive strengths of companion mortar specimens are
consistent with the observed pore structure of the pastes.”

Summary and Conclusions:

e “The morphology of the CH crystals is generally lamellar and elongated when the
hydration temperature is low, but more compact when the temperature is higher.”

e “The pores are finely distributed when the hydration temperature is low except for
some large, isolated pores....”

o The formation of “...hydration shells are more apparent in the specimens hydrated at
50 °C (122 °F) and not at all apparent in the 5 °C (41 °F) specimens.”

NOTE: Items numbered 4.5 through 4.9 below are preprints of papers presented at the
CANMET/ACI INTERNATIONAL WORKSHOP ON THE USE OF SILICA
FUME IN CONCRETE, WASHINGTON, D.C., APRIL 7 - 9, 1991

4.5 Khayat, K. H. and Aitcin, P. C., SILICA FUME IN CONCRETE - AN
OVERVIEW, pp. 1-46.

Curing:

The authors state that “...the majority of strength gain due to SF [silica fume] addition
takes place in the first 28 d. However, in order to take advantage of the SF addition, the
concrete should be properly cured at early ages. This is important since SF concrete is
sensitive to self-desiccation. Petersson et al. (1983), Loland and Hustad (1981), and
Asselanis et al. (1989) suggest that SF concrete should be moist-cured for at least 5to0 7 d
before any drying.

Maage and Hammer (1985) showed that the tensile strength of SF concrete allowed to dry
after demolding had a 15 to 35% reduction in tensile strength after 3 months of curing
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compared to that of moist-cured concrete. This was significantly greater than strength
reduction of dry concrete made without SF.”

4.6 Gjorv, O. E.,, NORWEGIAN EXPERIENCE WITH CONDENSED SILICA
FUME IN CONCRETE, pp. 47-64.

“Extensive experience has shown that CSF [condensed silica fume] in concrete reduces
the permeability more than it improves the compressive strength. Thus, by proper use of
CSF it is possible to achieve very durable concrete even for very aggressive
environments.”

4.7 Read, P., Carette, G. G., and Malhotra, V. M., STRENGTH DEVELOPMENT
CHARACTERISTICS OF HIGH-STRENGTH CONCRETE
INCORPORATING SUPPLEMENTARY CEMENTING MATERIALS, pp.
83-110.

“This paper presents data at ages up to two and a half years on the strength development
characteristics of high-strength concrete {>80 MPa (11,600 psi)} incorporating blast-
furnace slag and/or silica fume or high volumes of ASTM Class F fly ash.

Six concrete mixtures of various compositions were investigated in this study.”

“In general, the early-age strength development of test cylinders did not appear to be
greatly influenced by the curing condition. Their long-term strength development,
however, is clearly shown to be affected by the type of curing; for all six concretes the
compressive strengths of the moist-cured cylinders were higher than that for the air-dried
specimens at 6 months and all later ages. The silica fume and the slag concretes generally
seemed to be the least affected by curing regime.

The mixture with a high content of fly ash was the most affected, with a strength
difference between the moist-cured and air-cured specimens of 29.6 MPa (4,300 psi) at
30 months. It should be noted, however, that the latter concrete, when moist-cured,
exhibited, along with the control and the 12 percent silica fume concretes, the highest
strength at thirty months with values in excess of 100 MPa (14,500 psi).”

“Immediately after casting each cylinder specimen mould [sic] was covered with a plastic
bag and half were placed in a moist-curing room while the other half remained in the
laboratory. Twenty-four hours after casting, all cylinders were demoulded [sic]. The
moist-room specimens were then returned to the moist-curing room {23 °C (73.4 °F),
RH>95}, and the other half was stored under wet burlap in the laboratory for seven days,
then air-cured alongside the appropriate outside concrete element thereafter.”

“For each type of concrete mixture, three test elements were cast....” They were a thick-
wall element, a thin-wall element, and a high block to represent a thick column.
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For each of the test elements, the formwork was removed between 18 and 24 hours after
casting. “The elements were then cured under wet burlap for...six days. Thereafter, a
waterproofed plywood roof was erected over the test site to protect the cast elements and
air-cured cylinders from the direct effects of weather, particularly access of moisture and
sun. The sides of the test site were left unprotected, thus simulating the exposure
condition of concrete columns and walls during a typical multi-story construction. The
air-curing environment was therefore variable, following seasonal temperature and
humidity variations.”

“In general, regardless of the curing conditions, the mixtures containing silica fume had a
faster rate of strength development up to the age of 28 days, after which their strength
gains were generally lower than those for the other concrete mixtures up to 365 days. The
highest rate of strength development between 28 and 365 days was observed with the
high-volume fly ash concrete, which is primarily due to the pozzolanic action of fly ash.
For all mixtures, strength changes after one year were relatively small.”

“The within-test variations for the cylinder strength results were, with a few minor
exceptions, generally small and they were essentially independent of the type of mixture,
the age of test and the condition of curing....”

4.8 Ozyildirim, C., CONCRETE BRIDGE-DECK OVERLAYS CONTAINING
SILICA FUME, pp. 305-312.

“Plastic shrinkage [of silica fume concrete] is of concern, and the necessary measures to
prevent this must be taken. The rate of evaporation from the surface during placement and
texturing must be minimized. This is usually achieved by the use of fog spraying or
misting. The curing material must be applied immediately. Insulating blankets are also
found to be very effective in retaining moisture in the concrete as well as in retaining the
heat of hydration, which are highly desirable for pozzolanic materials.”

4.9 Ho, D. W. S. and Lewis, R. K., PRELIMINARY STUDY ON THE STABILITY
OF A SILICA FUME CONCRETE, pp. 143-154.

It is well known that curing is one of the most neglected processes in concrete
construction.

It has been found that on-site curing is often of a short duration and forms are often
removed one day after the placement of the concrete with no additional moist curing.

“Although on-site curing is limited, it is often argued that concrete will be cured once it is
exposed to the weather because of the subsequent wetting by rain.”

“At strengths below 40 MPa (5,800 psi), results indicate that silica fume mixes are more
sensitive to the lack of initial curing.”
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