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The term “curing” is frequently used to describe the process by which
hydraulic-cement concrete matures and develops hardened properties over
time as a result of the continued hydration of the cement in the presence of
sufficient water and heat. While all concrete cures to varying levels of
maturity with time, the rate at which this development takes place depends
on the natural environment surrounding the concrete, and the measures
taken to modify this environment by limiting the loss of water, heat, or both,
from the concrete, or by externally providing moisture and heat. The word
“curing” isalso used to describe the action taken to maintain moisture and
temperature conditions in a freshly placed cementitious mixture to allow
hydraulic-cement hydration and, if applicable, pozzolanic reactions to
occur so that the potential properties of the mixture may develop. Current
curing techniques are presented; commonly accepted methods, procedures,
and materials are described. Methods are given for curing pavements and
other dabs on ground, for structures and buildings, and for mass concrete.
Curing methods for several specific categories of cement-based products

ACI Committee Reports, Guides, Standard Practices,
and Commentaries are intended for guidance in planning,
designing, executing, and inspecting construction. This
document is intended for the use of individuals who are
competent to evaluate the significance and limitations of
its content and recommendations and who will accept re-
sponsihility for the application of the material it contains.
The American Concrete Institute disclaims any and all re-
sponsibility for the stated principles. The Ingtitute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in con-
tract documents. If items found in this document are de-
sired by the Architect/Engineer to be apart of the contract
documents, they shall be restated in mandatory language
for incorporation by the Architect/Engineer.

are discussed in this document. Curing measures, in general, are specified
in ACI 308.1. Curing measures directed toward the maintenance of satis-
factory concrete temperature under specific environmental conditions are
addressed in greater detail by Committees 305 and 306 on Hot and Cold
Weather Concreting, respectively, and by ACI Committees 301 and 318.

K eywor ds: cold wesather; concrete; curing; curing compound; hot weather con-
struction; mass concrete; reinforced concrete; sealer; shotcrete; dab-on-ground.
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CHAPTER 1—INTRODUCTION

1.1—Introduction

This guide reviews and describes the state of the art for
curing concrete and provides guidance for specifying curing
procedures. Curing practices, procedures, materials, and
monitoring methods are described. Although the principles
and practices of curing discussed in this guide are applica-
bleto all types of concrete construction, this document does
not specifically address high-temperature or high-pressure
accelerated curing.

1.2—Definition of curing

Theterm “curing” isfrequently used to describe the process
by which hydraulic-cement concrete matures and devel ops
hardened properties over time asaresult of the continued hy-
dration of the cement in the presence of sufficient water and
heat. While all concrete cures to varying levels of maturity
with time, the rate at which this development takes place de-
pends on the natural environment surrounding the concrete
and on the measures taken to modify this environment by
limiting the loss of water, heat, or both, from the concrete, or
by externally providing moisture and heat. The term “cur-
ing” is also used to describe the action taken to maintain
moisture and temperature conditions in a freshly placed ce-
mentitious mixtureto allow hydraulic-cement hydration and,
if applicable, pozzolanic reactionsto occur so that the poten-
tial properties of the mixture may develop (ACI 116R and
ASTM C 125). (A mixtureis properly proportioned and ad-
equately cured when the potential properties of the mixture
are achieved and equal or exceed the desired properties of
the concrete.) The curing period is defined as the time period
beginning at placing, through consolidation and finishing,
and extending until the desired concrete properties have de-
veloped. The objectives of curing are to prevent the loss of
moisture from concrete and, when needed, supply additional
moisture and maintain a favorable concrete temperature for
a sufficient period of time. Proper curing allows the cemen-
titious material within the concrete to properly hydrate. Hy-
dration refersto the chemical and physical changes that take
place when portland cement reacts with water or participates
in a pozzolanic reaction. Both at depth and near the surface,
curing has a significant influence on the properties of hard-
ened concrete, such as strength, permeability, abrasion resis-
tance, volume stability, and resistance to freezing and
thawing, and deicing chemicals.

1.3—Curing and the hydration of portland cement
1.3.1 Hydration of portland cement—Portland cement
concrete is a composite material in which aggregates are
bound in a porous matrix of hardened cement paste. At the
microscale, the hardened paste is held together by bonds
that devel op between the products of the reaction of cement
with water. Similar products are formed from the reactions
between cement, water, and other cementitious materials.
The cement-water reaction includes both chemical and
physical processesthat are collectively known as the hydra-
tion of the cement (Taylor 1997).1 As the hydration process
continues, the strength of the interparticle bonding increases,
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and the interparticle porosity decreases. Figure 1.1 shows
particles of unhydrated portland cement observed through a
scanning electron microscope. In contrast to Fig. 1.1, Fig. 1.2
showsthedevel opment of hydration productsand interparticle
bonding in partially hydrated cement. Figure 1.3 shows a
single particle of partially hydrated portland cement. The
surface of the particle is covered with the products of hydra-
tion in adensely packed, randomly oriented mass known as
the cement gel. In hydration, water is required for the
chemical formation of the gel products and for filling the
microporesthat devel op between the gel productsasthey are
being formed (Powers and Brownyard 1947; Powers 1948).
Therate and extent of hydration depend on the avail ability of
water. Parrott and Killoh (1984) found that as cement paste
comes to equilibrium with air at successively lower relative
humidity (RH), the rate of cement hydration dropped signif-
icantly. Cement in equilibrium with air at 80% RH hydrated
at only 10% the rate as companion specimensin a 100% RH
curing environment. Therefore, curing procedures ensure
that sufficient water is available to the cement to sustain the
rate and degree of hydration necessary to achieve the desired
concrete properties at the required time.

The water consumed in the formation of the gel products
is known as the chemically bound water, or hydrate water,
and its amount varies with cement composition and the con-
ditions of hydration. A mass fraction of between 0.21t00.28
of chemically bound water is required to hydrate a unit mass
of cement (Powers and Brownyard 1947; Copeland, Kantro,
and Verbeck 1960; Mills1966). An average value is approx-
imately 0.25 (Kosmatka and Panarese 1988; Powers 1948).

Asseenin Fig. 1.2 and 1.3, the gel that surrounds the hy-
drated cement particlesis a porous, randomly oriented mass.
Besides the hydrate water, additional water is adsorbed onto
the surfaces and in the interlayer spaces of the layered gel
structure during the hydration process. This is known as
physically bound water, or gel water. Gel water is typically
present in al concrete in service, even under dry ambient
conditions, as its removal at atmospheric pressure requires
heating the hardened cement paste to 105 C (221 F) (Neville
1996). The amount of gel water adsorbed onto the expanding
surface of the hydration products and into the gel pores is
“about equal to the amount that is (chemically) combined
with the cement” (Powers 1948). The amount of gel water
has been calculated more precisely to be a mass fraction of
about 0.20 of the mass of hydrated cement (Powers 1948;
Powers and Brownyard 1947; Cook 1992; Taylor 1997).

Both the hydrate water and physically adsorbed gel water
are distinct in the microstructure of the hardened cement
paste, yet both are required concurrently as portland cement
cures. Neville (1996) writes that continued hydration of the
cement is possible “only when sufficient water is available
both for the chemicd reactions and for the filling of the gel
poresbeing formed.” The amount of water consumed inthe hy-
dration of portland cement isthe sum of the water incorporated
physicaly onto the gel surfaces plus the water incorporated

141n cement chemistry the term ‘hydration’ denotes the totality of the changes that
occur when an anhydrous cement, or one of its constituent phases, is mixed with
water” (Taylor 1997).
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Fig 1.1—Unhydrated particles of portland cement—magni-
fication 2000x (photo credit Fig. 1.1-1.3, Eric Soroos).

Fig 1.2—Multiple particles of partially hydrated portland
cement—magnification 4000x.

Fig 1.3—Close-up of a single particle of hydrated cement—
magnification 11,000x.
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Fig 1.4—Compressive strength of 150 x 300 mm (6 x 12 in.)
cylinders as a function of age for a variety of curing condi-
tions (Kosmatka and Panarese 1988).

chemically into the hydrate products themselves. (Neville
1996; Powers and Brownyard 1947; Mindess and Young
1981; Taylor 1997.) Because hydration can proceed only in
saturated space, the total water requirement for cement hy-
dration is “about 0.44 g of water per gram of cement,? plus
the curing water that must be added to keep (the capillary
pores of) the paste saturated” (Powers 1948). Aslong as suf-
ficient water is available to form the hydration products, fill
theinterlayer gel spaces and ensure that the reaction sitesre-
main water-filled, the cement will continue to hydrate until
all of the available pore space is filled with hydration prod-
ucts or until al of the cement has hydrated.

The key to the development of both strength and durability
in concrete, however, is not so much the degree to which the
cement has hydrated but the degree to which the pores be-
tween the cement particles have been filled with hydration
products (Powers and Brownyard 1947, Powers 1948). This
is evident from the microperspective seen in Fig. 1.2 and
from the macrobehavior illustrated in Fig. 1.4 and 1.5, in
which it can be seen that the continued pore-filling accompa-
nying sustained moist-curing leads to a denser, stronger,
less-permeable concrete. The degree to which the pores are
filled, however, depends not only on the degree to which the
cement has hydrated, but also on the initial volume of pores
in the paste, thus the combined importance of the availability
of curing water and the initial water-cement ratio (w/c).

2 Other sources place this approximate value at 0.42 to 0.44 g of water for each
gram of dry cement (Powers 1947; Taylor 1997; Neville 1996).
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Fig 1.5 nfluence of curing on the water permeability of
mortar specimens (Kosmatka and Panarese 1988).

The pore volume between cement particlesseenin Fig. 1.2
(darker areas of the photograph) was originally occupied in
the fresh paste by the mixing water. Asthe volume of mixing
water decreases relative to the volume of the cement, theini-
tial porosity of the paste decreases as well. For this reason,
pastes with lower w/c have alower initial porosity, requiring
a reduced degree of hydration to achieve a given degree of
pore-filling. Thisis clearly demonstrated in Fig. 1.5, which
shows the combined effects of curing and w/c. For the partic-
ular mortar specimens tested, a leakage rate of 2.4 kg/m2/h
(0.5 Ib/ft2/h) was achieved after 21 days of moist curing for
aw/c of 0.80. The same level of permeability, and same de-
gree of pore-filling, was reached after 10 daysfor w/c = 0.64,
and 2.5 days for w/c = 0.50.

Thisinteraction of curing and w/c in devel oping the micro-
structure of hardened cement paste is potentially confusing.
On one hand, it isimportant to minimize the volume of mix-
ing water to minimize the pore space between cement parti-
cles. Thisisdone by designing concrete mixtures with alow
w/c. On the other hand, it is necessary to provide the cement
with sufficient water to sustain thefilling of those poreswith
hydration products. While a high w/c may provide sufficient
water to promote a high degree of hydration, the net result
would be alow degree of pore-filling due to the high initial
paste porosity. The more effective way to achieve a high de-
gree of pore-filling isto minimize initial paste porosity with
alow w/c and then to foster hydration by preventing loss of
the internal mixing water, or externally applying curing
water to promote the maximum possible degree of hydration.
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The maximum degree of hydration achievable is a function
of both w/c and the availability of water (Mills 1966).

1.3.2 The need for curing—If the amount of water initially
incorporated into the concrete as mixing water will sustain
sufficient hydration to develop the desired properties for a
given concrete mixture, curing measures are required to en-
sure that this water remains in the concrete until the desired
properties are achieved. At lower initial water contents,
where advantageis being taken of lower w/c and lower initial
porosity, it may be necessary to use curing measures that
provide additional water to sustain hydration to the degree of
pore-filling required to achieve desired concrete properties.
In 1948, Powers demonstrated that concrete mixtures with a
w/c less than approximately 0.50 and sealed against |0ss of
moisture cannot develop their full potential hydration dueto
lack of water. Such mixtures would therefore benefit from
externally applied curing water (Powers 1948). Powers also
pointed out, however, that not all mixtures need to reach
their full hydration potentia to perform satisfactorily, and
externally applied curing water is not always required for
mixtures with w/c less than 0.50.

A related issue in concrete with alow wic? is that of self-
desiccation, which is the internal drying of the concrete due
to consumption of water by hydration (Neville 1996; Parrott
1986; Patel et al. 1988; Spears 1983). As the cement hy-
drates, insufficient mixing water remains to sustain further
hydration. Low w/c mixtures, sealed against water loss or
water entry, can dry themselves from the inside. This prob-
lem is most commonly associated with mixtures with a w/c
around 0.40 or less (Powers 1948; Mills 1966; Cather 1994;
Meeks and Carino 1999) and is responsible for an amost
negligible long-term strength gain in many low w/c mix-
tures. Given that water also interacts with cementitious ma-
terials such asfly ash, dag, and silicafume, self-desiccation
can also arise with mixtures having low water-cementitious
materials ratios (w/cm).

Self-desi ccation can be remedied near the concrete surface
by externally providing curing water to sustain hydration. At
such low values of wic, however, the permeability of the
paste isnormally so low that externally applied curing water
will not penetrate far beyond the surface layer (Cather 1994;
Meeks and Carino 1999). Conversely, the low permeability
of low w/c mixtures prevents restoration of moisture lost in
drying at the surface by migration of moisturefromtheinterior.
The surface of low w/c concrete can therefore dry quickly,
calling attention to the critical need to rapidly provide curing
water to the surface of low w/c concrete (Aitcin 1999). This
also means that surface properties, such as abrasion resis-
tance and scaling resistance, can be markedly improved by
wet-curing low w/c concrete, while bulk properties, such as
compressive strength, can be considerably less sensitive to
surface moisture conditions. (See Sections 1.5 and 1.6.)

1.3.3 Moisture control and temperature control—Cur-
ing procedures that address moisture control ensure that

3 Because the discussion focuses on the hydration of portland cement and not on the
related reactions involving materials such as fly ash, ground-generated slag, or silica
fume, the appropriate terminology is water-cement ratio (w/c) rather than the more
generic water-cementitious materials ratio (w/cm).
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sufficient water is available to the cement to sustain the de-
gree of hydration necessary to achieve the desired concrete
properties. The hydration process—a series of chemical re-
actions—is thermally dependent—the rate of reaction ap-
proximately doubles for each 10 C (18 F) rise in concrete
temperature. Curing procedures should also ensure that the
concrete temperature will sufficiently sustain hydration. As
early-age concrete temperatures increase, however, the rate
of hydration can become so rapid asto produce concrete with
diminished strength and increased porosity, thus requiring
temperature control measures (see ACI 305R). Curing mea
sures directed primarily toward the mai ntenance of satisfactory
concrete temperature under specific environmenta conditions
areaddressed in greater detail by ACI Committees 305 and 306
on Hot and Cold Wesather Concreting, respectively, and by
ACI Committees 301 and 318.

1.4—When deliberate curing procedures are required

Deliberate curing measures are required to add or retain
moisture whenever the development of desired concrete
propertieswill be unacceptably delayed or arrested by insuf-
ficient water being avail able to the cement or cementitious
materials. Curing measures are required as soon as the
concrete is at risk of drying and when such drying will
damage the concrete or inhibit the development of re-
quired properties. Curing measures should be maintained
until the drying of the surface will not damage the con-
crete, and until hydration has progressed so that the desired
properties have been obtained, or until it is clear that the
desired propertieswill develop in the absence of deliberate
curing measures.

1.4.1 Natural conditions—Whether action is required to
maintain an adequate moisture content and temperature in
the concrete depends on the ambient weather conditions, the
concrete mixture, and on desired properties of the hardened
concrete. Under conditions that prevent excessive moisture
loss from the concrete, or when the required performance
criteriafor the concrete are not compromised by early mois-
tureloss, itisentirely possiblethat no deliberate action needs
to be taken to protect the concrete. Guidance for predicting
the impact of ambient conditions on the behavior of fresh
concrete is found in Section 1.4 and in Chapters 2 through 4.
The best source for guidance on the impact of ambient con-
ditions on hardened concrete properties would befield expe-
rience with environmental conditions and the concrete
mixture in question. Note that in most environments it is
unlikely that favorable, natural conditions will exist for
the duration of the curing period. The contractor should
therefore be prepared to initiate curing measures as soon
as ambient conditions change.

1.4.2 Sequence and timing of curing steps for unformed
surfaces—Curing has traditionally been considered to be a
single-step process, conducted some time after the concrete
has been placed and finished. Adeguate control of moisture,
however, can requirethat several different proceduresbeini-
tiated in sequence, culminating in alast step that is defined
herein asfinal curing. This section will describe three stages
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of curing procedures, defined by the techniques used and the
time at which they areinitiated.

Initial curing refers to procedures implemented anytime
between placement and find finishing of the concrete to re-
duce moisturelossfrom the surface. Examplesof initial curing
measuresinclude fogging and the use of evaporation reducers.

Intermediate curing is sometimes necessary and refers to
procedures implemented when finishing is completed, but
before the concrete has reached final set. During this period,
evaporation may need to be reduced, but the concrete may
not yet be able to tolerate the direct application of water or
the mechanical damage resulting from the application of fabric
or plastic coverings. Spray-applied, liquid membrane-forming
curing compounds can be used effectively to reduce evaporation
until a more substantial curing method can be implemented, if
required.

Final curing refers to procedures implemented after final
finishing and after the concrete has reached final set. Exam-
ples of final curing measures include application of wet cov-
erings such as saturated burlap, ponding, or the use of spray-
applied, liquid membrane-forming curing compounds.

Curing procedures and their time of application vary de-
pending on when the surface of the concrete begins to dry
and how far the concrete has advanced in the setting process.
Curing measures should be coordinated with the sequence
and timing of placing and finishing operations.

1.4.2.1 Timing of placing and finishing operations—
Transport, placing, consolidation, strike off, and bull-floating
of unformed concrete surfaces, such as slabs, al take place
before the concrete reaches initial setting. Time of initial set
is also known as the vibration limit, indicating that the con-
crete cannot be properly consolidated after reaching initial set
(Tuthill and Cordon 1955; Dodson 1994). Surface texturing
can begin at initial set but should be completed by the time
the concrete has reached final set. Both initial and final set
are defined on the basis of the penetration-resistance test
(ASTM C 403/C 403 M) for mortar sieved from concrete
(Kosmatka 1994; Dodson 1994). This concept is defined
similarly for concrete (ACI 302.1R; Suprenant and Malisch
1998a,b,e; Abel and Hover 2000), asindicated in Fig. 1.6(a).

Surface finishing (beyond bull-floating) should not be
initiated before initial set nor before bleed water has disap-
peared from the concrete surface. Before initial set, the con-
creteis not stiff enough to hold atexture nor stiff enough to
support the weight of afinisher or finishing machine.

Furthermore, bleeding of the concrete also controls the
timing of finishing operations. Bleed water rises to the sur-
face of freshly cast concrete because of the settling of the
denser solid particlesin response to gravity and accumulates
on the surface until it evaporates or is removed by the con-
tractor (Section 1.4.2.2.2). Bleed water is evident by the
sheen on the surface of freshly cast concrete, and its amount
can be measured by ASTM Test Method C 232 (Suprenant
and Malisch 1998a,e). Finishing the concrete surface before
settlement and bleeding has ended can trap theresidual bleed
water below a densified surface layer, resulting in a wesk-
ened zone just below the surface. Finishing before the bleed
water fully disappears remixes accumulated bleed water
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back into the concrete surface, thus increasing the w/cm and
decreasing strength and durability in this critical near-sur-
faceregion. Remixing bleed water can also decrease air con-
tent at the surface, further reducing durability. Proper
finishing should not start until bleeding has ceased and the
bleed water has disappeared or has been removed. In most
cases, the concrete surfaceisdrying whileit isbeing finished.

The presence of bleed water is detected visually. The
appearance of the concrete surface can be mideading, however,
when the rate of evaporation equals or exceeds the rate of
bleeding. In this case, the apparently dry surface would sug-
gest that bleeding has stopped and that finishing can begin.
In reality, however, finishing may yet be premature as bleed
water is still rising to the surface. When it is necessary to
evaluate this situation more carefully, a clear plastic sheet
can be placed over a section of the concrete to block evapo-
ration and to allow observation of bleeding.

Surface finishing should be completed before the concrete
attains the level of stiffness (or penetration resistance mea-
sured by ASTM C 403) characterized by having reached fi-
nal set (Abel and Hover 2000). Attempts to texture the
concrete beyond final set usually require the addition of wa-
ter to the surface. This practice should not be alowed be-
cause of the loss of surface strength and durability that
results from the addition of water to the concrete surface.
ACI 302.1R has coined the phrase “window of finishability”
to denote the time period between initial and fina set (Fig.
1.6(a)) (Suprenant and Malisch 1998e; Abel and Hover 2000).

1.4.2.2 Timing of curing procedures—Curing measures
should be initiated when the concrete surface begins to dry,
which starts as soon as the accumulated bleed water evapo-
rates faster than it can rise to the concrete surface (Lerch
1957; Kosmatka 1994; Al-Fadhala and Hover 2001). The
time at which drying and the need for curing begins depends
not only on the environment and the resulting rate of evapo-
ration, but also on the bleeding characteristics of the con-
crete, as shown schematically in Fig. 1.7. The figure
illustrates the cumulative bleeding of three different mix-
tures, measured as a function of time since concrete place-
ment. Superimposed on this diagram is the cumulative loss
of surface water dueto evaporation arising from three differ-
ent environments, characterized by high, medium, and low
evaporation rates (Rates 1, 2, and 3). Given that surface dry-
ing begins as soon as cumulative evaporation catches up
with cumulative bleeding, it can be seen that there is awide
divergencein thetime at which curing measures are required
to control such drying.
1.4.2.2.1 Evaporation—The rate of evaporation isin-
fluenced by air and concrete temperatures, relative humidity,
wind, and radiant energy from direct sunshine. The driving
forcefor evaporation of water from the surface of concreteis
the pressure difference between the water vapor at the sur-
face and the water vapor in the air above that surface; the
greater the pressure difference, the faster the evaporation.
Vapor pressure at the concrete surface is related to the temper-
ature of thewater, whichisgenerally assumed to bethesameas
the concrete surface temperature. The higher the concrete
surfacetemperature, the higher the surface water-vapor pressure.
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Fig. 1.6(a)—Conventional construction operations under
ideal conditions: (1) Initial set coincides with the cessation
of bleeding and all bleed water has just evaporated at the
beginning of finishing operations; and (2) final set coincides
with the completion of finishing. Final curing can begin
immediately after finishing with final set.

Because evaporation is driven by the difference between
vapor pressure at the surface and in the air, factors that lower
water-vapor pressure in the air will increase evaporation.
While low humidity in the air increases evaporation rate, it is
not as well known that low air temperature, especially in
combination with low humidity, increases evaporation.
Evaporation rateis high in hot, dry weather because the con-
crete temperature rises, not because the air is warm. Wind
speed becomes a factor as well, because wind moves water
vapor away from the surface as it evaporates. In still air,
evaporation slows with time due to the accumulation of
water vapor (increased humidity) in the air immediately over
the evaporating surface. Direct sunlight also accelerates
evaporation by heating the water on the surface.

There have been multiple attempts to mathematically esti-
mate evaporation rate based on these factors, dating back to
1802 (Dalton). The most commonly used evaporation rate
predictor in the concreteindustry isthat introduced by Menzel
(1954) but developed from 1950 to 1952 by Kohler (1955)
for hydrological purposes, asreported by Veihemeyer (1964)
and Uno (1998). Most well-known is the evaporation rate no-
mograph that was reformatted from Menzel’ searlier versionin
1960 by the Nationa Ready Mixed Concrete Association
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Fig. 1.6(b)—Bleed water disappears and surface drying
commences at some time before beginning finishing. Initial
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ing finishing operations.
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Fig. 1.6(c)—Surface finishing has been completed before
the concrete surface has reached final set.
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Fig. 1.7—Schematic illustration showing the combined influ-
ence of bleeding characteristics and evaporation in determin-
ing the time at which the surface of concrete beginsto dry.

(NRMCA) (1960). The use, limitations, and accuracy of
thistool for estimating rate of evaporation are discussed
in detail in Chapter 4, Sections 4.2.1.1t0 4.2.1.3.

1.4.2.2.2 Bleeding—Both the rate and duration of
bleeding depend on the concrete mixture, the depth or thick-
ness of the concrete, and the method of consolidation (Kos-
matka 1994; Suprenant and Malisch 19984). Although water
content and w/cm are the primary compositional factors, ce-
ment, cementitious materials, aggregates, admixtures, and
air content all influence bleeding. Thorough vibration brings
bleed water to the surface earlier, and deep memberstend to
show increased bleeding compared with shallow members
(Kosmatka 1994). The rate of bleeding diminishes as setting
takes place, even in the absence of surface drying, so that
surfacedrying will ultimately occur even under benign evap-
oration conditions (Al-Fadhala and Hover 2001). Mixtures
with alow to negligible bleeding rate are particul arly suscep-
tible to surface drying early in the placing and finishing pro-
cess. Such concrete mixtures often incorporate silica fume,
fine cements, or other fine cementitious materials, low w/cm,
high air contents, or water-reducing admixtures.

1.4.2.2.3 Initial curing—For mixtures with a low to
zero bleeding rate, or in the case of aggressively evaporative
environments, or both, surface drying can begin well before
initial set and well before initiation of finishing operations,
asindicated in Fig. 1.6(b). Under such conditions, it is nec-
essary to reduce moisture loss by one or more initial curing
techniques, such asfogging, the use of evaporation reducers,
or by modifying the environment with sunshades, wind-
screens, or enclosures (Section 2.3). Because finishing can
involve several separate and time-consuming operations, ini-
tial curing measures may need to be continued or reapplied
until finishing is complete.

Initial curing measures should be applied immediately af -
ter the bleed water sheen has disappeared, because the con-
crete surface is protected against drying as long as it is
covered with bleed water. When finishing beginsimmediate-
ly after the disappearance of the bleed water, it is unneces-
sary to apply initial curing measures. When the concrete
exhibits areduced tendency to bleed, when evaporative con-
ditions are severe, or both, the concrete can begin to dry im-

ACI COMMITTEE REPORT

mediately after placing. Under such conditions, initial curing
measures, such asfog-spraying to increase the humidity of the
air or the application of aliquid-applied evaporation reducer,
should be initiated immediately after strike-off, and in some
cases, before bull floating. Such initial curing measures
should be continuously maintained until more substantial cur-
ing measures can be initiated. Excess water from afog spray
or an evaporation reducer should be removed or alowed to
evaporate before finishing the surface. (Refer to ACI 302.1R.)

Application of initial curing measuresisalso frequently re-
quired for concretes that exhibit low or negligible bleeding.
Such concrete mixtures often incorporate silica fume, fine
cements, or other fine cementitious materials, low w/cm,
high air contents, or water-reducing admixtures. Initial cur-
ing measures are frequently required immediately upon plac-
ing such concrete to minimize plastic-shrinkage cracking.
Plastic shrinkage isinitiated by surface drying, which begins
when the rate of evaporative water loss from the surface ex-
ceedstherate at which the surface is moistened by bleed wa-
ter. Refer to ACI 305R for further discussion on plastic
shrinkage, and to ACI 234R for further discussion on curing
concrete incorporating silicafume.

1.4.2.2.4 Final curing—The concrete surface should
be protected against moisturelossimmediately following the
finisher or finishing machine. Significant surface-drying can
occur when curing measures are delayed until the entire slab
is finished because the peak rate of evaporation from a con-
crete surface often occurs immediately after the last pass of
the finishing tool, astool pressure brings water to the surface
(Al-Fadhalaand Hover 2001; Shaeles and Hover 1988). This
isespecially truewhen the finished texture has ahigh surface
area such as a broomed or tined surface (Shariat and Pant
1984). Therefore, it isnecessary to control moisturelossimme-
diately after finishing (Transportation Research Board 1979).

When the conclusion of finishing operations coincides

with thetime of final set, asindicated in Fig. 1.6(a), final cur-
ingisapplied at exactly theright timeto reduce the peak rate of
moistureloss. A delay in final curing can result in considerable
water loss (Al-Fadhalaand Hover 2001). Under some condi-
tions, however, applying final curing measures immediately
after completion of finishing can be deleterious. These con-
ditions are described in the next section.

1.4.2.2.5 Conditions under which intermediate curing
is recommended—Intermediate curing measures are re-
quired whenever the concrete surface has been finished be-
fore the concrete hasreached final set. Thiscan happen when
the desired surface texture is rapidly achieved, when setting
is delayed, or both.

A freshly finished concrete surface is not only vulnerable
to the deleterious loss of moisture, but can be vulnerable to
damage from the early application of curing materials. The
need to protect against moisture loss can conflict with the
need to prevent damage to the surface immediately follow-
ing finishing. Of particular concern is concrete that has been
surface-finished before the concrete has reached final set, as
shown in Fig. 1.6(c).

Before reaching final set, the concrete surface is suscepti-
bleto marring by applying wet burlap, plastic sheets, or other
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curing materials. Furthermore, the bonds between the ce-
ment particles can be easily broken and the particles dis-
placed by water added to the concrete surface and forced
between the cement particles, resulting in weakening nor-
mally associated with the premature addition of water. For
the reason that the earlier water is applied as a final curing
measure, the more gently it should be applied to avoid dis-
placement of cement particles. (Fogging is an example of a
gentle application, as long as accumulated water is not fin-
ished into the surface.) As setting progresses with an in-
creased strength of cement particle bonding, water can be
applied to the surface more aggressively. In laboratory and
field tests of this principle (Falconi 1996), application of wet
burlap to concrete surfaces immediately after finishing re-
duced resistance to deicer salt scaling. When concrete dabs
of the same mixture were lightly covered with plastic sheets
immediately after finishing, and the plastic replaced with wet
burlap when the concrete had reached final set (measured by
ASTM C 403), wet-curing was consistently beneficial in in-
creasing scaling resistance.

Intermediate curing methods can be a continuation of ini-
tial curing measures, such as evaporation reducers, or fog-
ging, maintained until thefinal curing isapplied. Membrane-
forming curing compounds meeting the requirements of
ASTM C 309 or C 1315 can be applied from a power spray-
er, making it unnecessary to walk on the concrete surface,
and can be applied immediately behind the final pass of the
finishing tool or machine. Curing compounds have the ad-
vantage of being applicable before final set, aswell as being
a frequently acceptable final curing method. Curing com-
pounds, therefore, can be an effective intermediate curing
method or precursor to other final curing methods, such as
water curing or protective coverings, minimizing water loss
during the last stages of the setting process.

The combination of acuring compound as an intermediate
curing method followed by water-saturated coverings as a
final curing method is more common in bridge construction
than in building construction (Krauss and Rogalla 1996).
The curing compound can be spray-applied to the concrete
surface from the perimeter of the bridge deck immediately
behind the finishing machine or from the finishers' work
bridge. After the curing compound has dried, the wet burlap
or similar materia is applied and soaker hoses or plastic
sheets are installed. Thisis not a dual or redundant applica-
tion of two equivalent curing methods. Curing compounds
and so-called “ breathable sealers” meeting the requirements
of ASTM C 309 and C 1315, permit moisture transmission
and have a variable capacity to retard moisture loss, depend-
ing on the quality of the product used, field application, and
field conditions. Wet curing by ponding, sprinkling, or the
application of saturated burlap not only prevents water loss
but also supplies additional curing water to sustain cement
hydration, which isimportant for low w/cm mixtures that can
self-desiccate (Powers 1948; Mills 1966; Mindessand Y oung
1981; Neville 1996; Persson 1997; Carino and Meeks 1999).

1.4.2.3 Preparation for casting and curing—Curing
procedures have to beinitiated as soon as possible when the
concrete surface begins to dry or whenever evaporative
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conditions become more severe. The curing measures to be
used should be anticipated so that the required materials are
available on site and ready to use if needed. Water or curing
chemicals, coverings, and application equipment and accesso-
ries need to be ready, particularly when harsh environmental
conditions may require rapid action. To be effective, sun-
shades or windbreaks (Section 2.7) should be erected in
advance of concrete placing operations. Actions such as
dampening the subgrade, forms, or adjacent construction, or
cooling reinforcing steel or formwork are likewise required
in advance of concrete placement. See ACI 301, 302.1R,
305R, and 306R for other commentary on preparedness.

1.4.3 When curingisrequired for formed surfaces—Mois-
turelossisaconcern for both formed and unformed surfaces.
Forms left in place reduce moisture lossif the forms are not
water-absorbent. Dry, absorbent forms will extract water
from the concrete surface. In addition, concrete usually
shrinks from the form near the top of the section and it is not
unusual to find dry concrete surfaces immediately after re-
moving forms. After form removal, formed surfaces can
benefit from curing (Section 3.3.3).

1.4.4\When curingisrequired: cold and hot weather—The
environment dictates the need for curing and influences the
effectiveness and logistical difficulty in applying the curing
methods. For example, use of afog spray asaninitial curing
method in freezing weather is impractical and may be of lit-
tle value despite the critical need to limit surface evaporation
under such conditions. Similarly, in hot, arid environments
thereisacritical need to prevent loss of water from the con-
crete surface. Such factors often influence the choice of
curing methods in hot or cold weather. This choice should
be made with consideration of not only the logistical and
economic issues, but also of the relative effectiveness of the
curing methods proposed in terms of surface strength, resis-
tance to abrasion or deicer scaling, surface permeability, or
other factors. The influence of the curing method on the
desired properties of the concrete should be given first consid-
eration in such decisions. See Sections 2.6 and 2.7 for details.

1.4.5 Duration of curing—T he required duration of curing
depends on the composition and proportions of the concrete
mixture, the valuesto be achieved for desired concrete prop-
erties, the rate at which desired properties are developing
while curing measures are in place, and the rates at which
those properties will develop after curing measures are ter-
minated. Tests have shown that the duration of wet curing
required to bring pastes of different w/c to an equivalent per-
meability varied, from 3 daysfor low wic, to 1 year for high
w/c (Powers, Copeland, and Mann 1959). The duration of
curing is senditive to the w/c of the pastes because alower wic
results in closer initial spacing of the cement particles, re-
quiring less hydration to fill interparticle spaces with hy-
dration products.

Curing should be continued until the required concrete
properties have developed or until there is a reasonable
assurance that the desired concrete properties will be
achieved after the curing measures have been terminated
and the concrete is exposed to the natural environment.
Most likely, the continued rate of development of the con-
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crete properties will be slower after curing measures have
been terminated. Figure 1.4 showsthe compressive strength
of 150 x 300 mm (6 x 12 in.) cylinders for a particular con-
crete mixture as a function of curing time for a variety of
curing conditions. The figure demonstrates that the rate of
continued strength devel opment decreases sharply after cur-
ing procedures are terminated. This postcuring rate of con-
tinued development should be considered in approving the
termination of curing anytime before full attainment of
specified concrete properties. For example, it iscommon to
permit termination of curing measures when the compres-
sive strength of the concrete has reached 70% of the speci-
fied strength. Thisisareasonable practice if the anticipated
postcuring conditions allow the concrete to continue to de-
velop to 100% of the specified strength within the required
time period. When postcuring conditionsare not likely to al-
low the required further development of concrete proper-
ties, it may be more reasonable to require curing until the
concrete has developed the full required properties.
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Fig. 1.10—The effect of curing on reducing the oxygen
permeability of a concrete surface (Grube and Lawrence
1984; Gowriplan et al. 1990).

In determining the appropriate duration of curing, con-
crete properties that are desired in addition to compressive
strength should be considered. For example, if both high
compressive strength and low permeability are required
concrete performance characteristics, then the curing needs
to belong enough to devel op both propertiesto the specified
values. The appropriate duration of curing will depend on
the property that is the slowest to develop. Other consider-
ations in determining the specified duration of curing in-
clude the cost of applying and subsequently maintaining
various curing measures, and the risk and costs associated
with not achieving the necessary concrete properties if
curing isinsufficient. See Section 2.8 for details on required
duration of curing.

1.5—The curing-affected zone

Concrete is most sensitive to moisture loss, and therefore,
most sensitive and responsive to curing at its surface, where
itisin contact with dry, moving air or absorptive mediasuch
as a dry subgrade or porous formwork. Figure 1.8 shows an
example how internal relative humidity varies with depth
fromthesurfacefor a150 x 300 mm (6 x 12in.) concretecyl-
inder (Hanson 1968). (Concrete with an internal RH of 70%,
for example, would gain or lose no moisture when placed in air
a an RH of 70%.) The cylinder specimens had been moist
curedfor 7 daysand then dried at 23 C (73 F) and 50% RH. For
the specimen cast with normalweight aggregate, the humidity
at 6.4 mm (1/4 in.) depth was approximately 70% at an age of
28 days, while the humidity was about 95% at the center of the
cylinder. At 28 days, cement in the outer 6.4 mm (1/4 in.)
would have ceased to hydrate, while that in the center of
the cylinder would have continued to hydrate (Section 1.3).

Cather (1992) defined the curing-affected zone asthat por-
tion of the concrete most influenced by curing measures.
This zone extends from the surface to a depth varying from
approximately 5 to 20 mm (1/4 to 3/4in.), depending on the
characteristics of the concrete mixture, such as w/cm and
permeability and the ambient conditions (Carrier 1983;
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water curing from 1 to 4 days (Dhir, Hewlett, and Chan 1987)
(1 mL/n?/s= 0.74 1b/ft?/h).

Spears 1983). Concrete propertiesin the curing-affected zone
will be strongly influenced by curing effectiveness, while
properties further from the surface will be less susceptible to
moisture | oss.

The lower the permeability of the concrete, the more slowly
moi sture moves between the surface and theinterior. Similarly,
the lower the permeability, the less-readily water from the
interior can replenish water removed from the surface by evap-
oration (Pihlgavaara 1964, 1965). In such low-permeability
concrete, surface-drying can inhibit the development of sur-
face properties, whileinterior or bulk properties may develop
more fully.

Surface hardness, abrasion resistance, scaling resistance,
surface permeability and absorption, flexural tension
strength (modulus of rupture), surface cracking, surface
strain capacity, and similar surface-type properties are
strongly influenced by curing. Further, the results of testsfor
such properties can be useful indicators of curing effective-
ness (Chapter 4). Conventional compression tests of cores,
cylinders, or cubes are useful as indicators of concrete
strength within the bulk of the specimen, but are not neces-
sarily representative of the surface properties. While tests of
compressive strength have traditionally been used to demon-
strate the effects of curing (Fig. 1.4), such tests are actually
not as representative of curing effectiveness as tests of the
surface properties listed above. This is because the curing-
affected zone is not critical with regard to the compressive
strength of cylinders or core, which fail away from their
ends. For example, drilled cores can be misleading indicators
of curing effectiveness when the curing-affected zone in-
cludes only the top 12 mm (1/2 in.) or so of the core sample
(Montgomery, Basheer and Long 1992). In a typical core
test, the concrete in the curing-affected zone is covered or
reinforced with neoprene caps or capping compound, ground
smooth, or cutoff altogether. Coretests, therefore, are not con-
sistently reliable indicators of concrete performance in the
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Fig. 1.12—Sawyer (1957) demonstrated the effects of curing
on abrasion resistance (1 mm= 0.04 in).

curing-affected zone, nor are core tests necessarily reliable
indicatorsof curing effectivenessasrel ated to surface properties
and performance.

1.6—Concrete properties influenced by curing

Because curing directly affects the degree of hydration of
the cement, curing has an impact on the development of all
concrete properties. The impact of curing on a broad range
of concrete propertiesisillustrated by the following collec-
tion of data from various sources.

Asseen previoudly, Fig. 1.4 indicates theinfluence of cur-
ing on compressive strength, and Fig. 1.5 and 1.9 indicate the
influence of curing on the water permeability of hardened
concrete. Figure 1.10 shows a50% reduction in permesbility
achieved by extending the duration of moist curing from 1
to 3 days and a similar improvement achieved by further
increasing the curing period to seven days. Figure 1.9 shows
asimilar trend.

Figure 1.10 shows the effect of curing on the reduction of
the oxygen permeability on a concrete surface (Grube
1984; Gowriplan 1990). The significant reduction in per-
meability that accompanies a curing extension from one to
three days is apparent.

Thedatain Fig. 1.11 indicate that surface absorptionisre-
duced by about 50% by extending water curing from 1 to 4
days (Dhir, Hewlett, and Chan 1987).

Sawyer (1957) demonstrated the effects of curing on abra-
sion resistance (Fig. 1.12) and the effects of a24 h delay in
curing (Fig. 1.13). The number of test cyclesis the number
of successive applications of the abrasive wear test device.
Dhir (1991) demonstrated a similar relationship between
abrasion resistance and curing, as shown in Fig. 1.14.

Murdock, Brook, and Dewar (1991) showed arelationship
between the duration of wet curing and the resistance to
freezing and thawing of air-entrained concrete, as shown in
Fig. 1.15. For aw/c of 0.45 (ACI 318 maximum value for
concrete exposed to freezing while moist), resistance to
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Fig. 1.14—Dhir, Hewlett, and Chan (1991) demonstrated
the relationship between abrasion resistance and curing
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in water at 20 C (68 F) and 24 days in air at 20 C (68 F)
and 55% RH; and E4= 24 h wet burlap followed by 27 days
inair at 20 C (68 F) and 55% RH.

freezing and thawing continues to develop over the entire
28-day curing period.

Gowriplan et al. (1990) demonstrated a relationship be-
tween curing and oxygen permeability at various depths
from the surface. Thiswork included comparisons of various
methods for curing (Fig. 1.16).

CHAPTER 2 —CURING METHODS AND
MATERIALS
2.1—Scope
Regardless of the materials or methods used for curing
concrete, the concrete should maintain a satisfactory mois-

ture content and temperature so that its properties develop.
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freezing and thawing durability of concrete, also as a func-
tion of w/c (Murdock, Brook, and Dewar 1991).

While there are many methods for controlling the tempera-
ture and moisture content of freshly placed concrete, not all
such methods are equal in price, appropriateness, or effec-
tiveness. The means and methods to be used will depend on
the demands of each set of circumstances. The economics of
the particular method of curing selected should be evaluated
for each job, because the avail ability of water or other curing
materials, labor, control of runoff (if water is continuously
applied), and subsequent construction, such as the applica
tion of floor coverings or other treatments, will influence
price and feasibility.

The two general systems for maintaining adequate mois-
ture content vary in effectiveness depending on the concrete
mixture and curing methods and materials used, the detail s of
construction operations, and the ambient weather conditions.
These two systems are the continuous or frequent application
of water through ponding, fogging, steam, or saturated cover
materials such as burlap or cotton mats, rugs, sand, and straw
or hay, and the minimization of water loss from the concrete
by use of plastic sheets or other moisture-retaining materials
placed over the exposed surfaces, or by the application of a
membrane-forming compound (commonly referred to as a
curing compound) meeting the requirements of ASTM C 309
or C1315.

This guide does not address all of the safety concerns, if
any, associated with the use of curing materials. It isthe re-
sponsibility of the user of this guide to establish appropriate
safety and health practices and to determine the applicability
of regulatory limitations before its use.

2.2—Use of water for curing concrete

The method of water curing selected should provide a
complete and continuous cover of water that isfree of harm-
ful amounts of deleterious materials. Several methods of
water curing are described as follows.
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The curing water should be free of “aggressive impurities
that would be capable of attacking or causing deterioration
of the concrete” (Pierce 1994). In general, water that is pota-
ble and satisfactory as mixing water, meeting the require-
ments of ASTM C 94, is acceptable as curing water. Where
appearance is a factor, the water should be free of harmful
amounts of substances that will stain or discolor the con-
crete. Dissolved iron or organic impurities may cause stain-
ing, and the potentia staining ability of curing water can be
evaluated by means of CRD-C401 (U.S. Army Corps of En-
gineers 1975). The use of seawater as curing water is contro-
versia, as is the use of seawater as mixing water. The
potential effects are discussed by Eglington (1998).

Care needs to be taken to avoid thermal shock or exces-
sively steep thermal gradients due to use of cold curing wa-
ter. Curing water should not be more than 11 C (20 F)
cooler than the internal concrete temperature to minimize
stresses due to temperature gradients that could cause
cracking (Kosmatka and Panarese 1988). A sudden drop in
concrete temperature of about 11 C (20 F) can produce a
strain of about 100 millionths, which approximates the typi-
cal strain capacity of concrete. (See also discussion in Mather

[1987].)

2.3—lInitial curing methods
Asdiscussed in Section 1.4, initial curing refersto proce-
dures implemented anytime between placement and finish-
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ing of concrete to reduce the loss of moisture from the
concrete surface.

2.3.1 Fogging—Fogging provides excellent protection
against surface drying when applied properly and frequently
and when the air temperatureiswell above freezing. Fogging
requires the use of an inexpensive but specially designed
nozzle that atomizes the water into a fog-like mist. The fog
spray should be directed above, not at, the concrete surface,
asits primary purpose is to increase the humidity of the air
and reduce the rate of evaporation. This effect lasts only as
long as the mist is suspended in the air over the dlab. This
means frequent or continuous fogging is necessary, and the
frequency of application should be increased as wind veloc-
ity increases over the concrete surface. (The dropletsarefine
enough and the application is continuous enough when avis-
ible fog is suspended over the concrete surface.) Fogging is
also useful for reducing the tendency for acrust toformonthe
surface of the freshly cast concrete. Fogging can precipitate
water on the concrete surface and is not del eterious aslong as
the water from the sprayer does not mar or penetrate the sur-
face. Water from fogging should not be worked into the
surfacein subsequent finishing operations. Water from fogging
should be removed or dlowed to evaporate before finishing.

2.3.2 Liquid-applied evaporation reducers—Evaporation
reducers (Cordon and Thorpe 1965) are solutions of organic
chemicalsin water that are capable of producing a monomo-
lecular film over the bleed water layer that rises to the top
surface of concrete. If present in sufficient concentration,
these chemicals form an effective film that reduces the rate
of evaporation of the bleed water from the concrete surface.

Evaporation reducers can be sprayed onto freshly placed
concrete to reduce the risk of shrinkage when the evapora-
tion rate equal s or exceeds the bleeding rate. Evaporation re-
ducers are not to be used for the purpose of making it easier
to finish concrete surfaces (materials designed for such pur-
pose are often referred to as finishing aids), and should be
used only in accordance with manufacturer’ sinstructions.

2.4—Final curing measures
As discussed in Section 1.4, final curing refers to proce-

dures implemented after final finishing and when the con-
crete has reached final set. As discussed in detail in that
section, it may be necessary to use an intermediate curing
technique when the concrete surface has been finished be-
fore the concrete reaches final set, as premature application
of final curing may damage the freshly cast concrete.
2.4.1 Final curing measuresbased on the application of water
2.4.1.1 Sprinkling the surface of the concrete—Fogging
or sprinkling with nozzles or sprays provides excellent curing
when the air temperature is above freezing. Lawn sprinklers
are effective after the concrete has reached final set and
wherewater runoff isnot aconcern. A disadvantage of sprin-
kling isthe cost of the water in regions where an ample sup-
ply is not readily available. Intermittent sprinkling should
not be used if the concrete surfaceis allowed to dry between
periods of wetting. Soaker hoses are useful, especially on
surfaces that are vertical or nearly so. Care should be taken
to avoid erosion of the surface.
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Fig. 2.1—Temperature variations under clear, black, and white plastic (Wojokowski 1999).

2.4.1.2 Ponding or immersion—Though seldom used,
the most thorough method of water curing consists of im-
mersion of the finished concrete in water. Ponding is some-
times used for slabs, such as culvert floors or bridge decks,
pavements, flat roofs, or wherever a pond of water can be
created by aridge, dike, or other dam at the edge of the slab.
(Van Aardt documented dilution of the paste and weaken-
ing of the surface resulting from premature application of
ponding [Van Aardt 1953]).
2.4.1.3 Burlap, cotton mats, and other absorbent materials—
Burlap, cotton mats, and other coverings of absorbent mate-
rials can hold water on horizontal or vertical surfaces. These
materials should be free of harmful substances, such as sugar
or fertilizer, or substances that may discolor the concrete. To
remove soluble substances, burlap should be thoroughly
rinsed in water before placing it on the concrete. Burlap that
has been treated to resist rot and fire is preferred for use in
curing concrete. Burlap should also be dried to prevent mil-
dew whenit isto be stored between jobs. The thicker the bur-
lap, the more water it will hold and the less frequently it will
need to be wetted. Double thickness may be used advanta-
geously. Lapping the strips by half widths when placing will
give greater moisture retention and aid in preventing dis-
placement during high wind or heavy rain. A continuous
supply of moisture is required when high temperature, low
humidity, or windy conditions prevail. The concrete surface
should remain moist throughout the curing period. When
burlap is permitted to dry, it can draw moisture from the
surface of the concrete.
Absorbent mats made of cotton or similar fibers can be ap-
plied much the same as burlap, except that dueto their great-
er mass, application to afreshly finished surface should be

delayed until the concrete has hardened to a greater degree
than for burlap.

Whenever concrete slabs are so large that the workers have
to walk on the freshly placed concrete to install the curing ma-
terials, it will be necessary to wait until the concrete has suffi-
ciently hardened to permit such operationswithout marring the
surface.

2.4.1.4 Sand curing—Wet, clean sand can be used for
curing provided it is kept saturated throughout the curing
period. The sand layer should be thick enough to hold water
uniformly over the entire surface to be cured. Sand should
meet ASTM C 33 or similar requirements for deleterious
materialsin fine aggregate to minimize therisk of damageto
the concrete surface from deleterious materials.

2.4.1.5 Straw or hay—Wet straw or hay can be used for
wet-curing small areas, but there is the danger that wind
might displace it unless it is held down with screen wire,
burlap, or other means. There is aso the danger of fireif the
straw or hay is allowed to become dry. Such materials may
discolor the surface for several months after removal. If these
materialsare used, the wetted layer should be at least 150 mm
(6in.) deep and kept wet throughout the curing period.

2.4.2 Final curing methods based on moisture retention—
Curing materials are sheets or liquid membrane-forming
compounds placed on concrete to reduce evaporative water
loss from the concrete surface.

These materials have several advantages:

1) They do not need to be kept wet to ensure that they do
not absorb moisture from the concrete;

2) They are easier to handle than burlap, sand, straw or
hay; and
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3) They can often be applied earlier than water-curing
methods.

Asdiscussed in Section 1.4.2.2.5, curing materials can be
applied immediately after finishing without the need to wait
for final setting of the concrete.

2.4.2.1 Plagtic film—Plastic film hasalow mass per unit
areaand is available in clear, white, or black sheets. Plastic
film should meet the requirements of ASTM C 171, which
specifies a minimum thickness of 0.10 mm (0.004 in.).
White film minimizes heat gain by absorption of solar radi-
ation. Clear and black sheeting have advantages in cold
weather by absorption of solar radiation but should be avoid-
ed during warm weather except for shaded areas. The gener-
al effect of the color of plastic sheeting on concrete surface
temperature is shown in Fig. 2.1 (Wojokowski 1999).
Wojokowski placed clear, black, and white plastic over a
hardened concrete surface and measured the temperature
over a period of one week during winter. Within the week
four separate 12-h periods were evaluated for minimum and
maximum air temperature, and for percentage of the period
in which the sun was shining. Sunshine varied from 0 to
93%, and the outside air temperatures varied over the time
periods as shown by the pairs of horizontal lines indicating
maximum and minimum values. The concrete under plastic
was as much as 25 C (45 F) degrees warmer than the air. The
temperature under black plastic was approximately 15 C (27 F)
warmer than under clear plastic and almost 20 C (36 F)
warmer than under white plastic. The temperature difference
was negligible in the absence of sunshine. (When plastic
covers freshly cast concrete, heat is also provided from the
hydration of the cement.)

Care should be taken to avoid tearing or otherwise inter-
rupting the continuity of the film. Plastic film reinforced with
glassor other fibersismore durable and lesslikely to betorn.

Where the as-cast appearance is important, concrete
should be cured by means other than moisture-retaining
methods because the use of smooth plastic film often results
in a mottled appearance due to variations in temperature,
moisture content, or both (Greening and Landgren 1966).
Curing methods requiring the application of water may be
necessary because mottling can be minimized or prevented
by occasional flooding under the film. Combinations of plas-
tic film bonded to absorbent fabric help to retain and more
evenly distribute moisture between the plastic film and the
concrete surface have been effective in reducing mottling.

Plastic film should be placed over the surface of the
fresh concrete as soon as possible after final finishing with-
out marring the surface and should cover all exposed surfac-
es of the concrete. It should be placed and weighted so that it
remains in contact with the concrete during the specified du-
ration of curing. On flat surfaces such as pavements, thefilm
should extend beyond the edges of the slab at least twice the
thickness of the slab. The film should be placed flat on the
concrete surface, avoiding wrinkles, to minimize mottling.
Windrows of sand or earth, or pieces of lumber should be
placed along al edges and joints in the film to retain mois-
ture and prevent wind from getting under the film and dis-
placing it. Alternatively, it is acceptable and generally more
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economical to useanarrow strip of plastic film along thever-
tical edges, placing it over the sheet on the horizontal surface
and securing al edges with windrows or strips of wood. To
remove the covering after curing, the strip can be pulled
away easily, leaving the horizontal sheet to berolled up with-
out damage from tears or creases.

2.4.2.2 Reinforced paper—Composed of two layers of
kraft paper cemented together with a bituminous adhesive
and reinforced with fiber, reinforced paper should comply
with ASTM C 171. Most papers used for curing have been
treated to increase tear resistance when wetted and dried.
The sheets of reinforced paper can be cemented together
with bituminous cement to meet width requirements.

Paper sheets with one white surface to give reflectance
and reduce absorption of solar radiation are available. A re-
flectance requirement is included in ASTM C 171. Rein-
forced paper is applied in the same manner as plastic film
(Section 2.4.2.1). Reinforced paper can be reused aslong as
it is effective in retaining moisture on the concrete surface.
Holes and tears should be repaired with a patch of paper ce-
mented with a suitable glue or bituminous cement. Pin holes,
resulting from walking on the paper or from deterioration of
the paper through repeated use, are evident if the paper is
held up to thelight. When the paper no longer retains moisture,
it should be discarded or used in double thickness.

2.4.2.3 Liquid membrane-forming compounds—Liquid
membrane-forming compounds for curing concrete should
comply with the requirements of ASTM C 309 or C 1315
when tested at the rate of coverage to be used on the job.
Compounds formulated to meet the requirements of ASTM
C 309 include: Type 1, clear; Type 1D, clear with fugitive
dye; Type 2, white pigmented; Class A, unrestricted compo-
sition (usually used to designate wax-based products); and
Class B, resin-based compositions. A notein ASTM C 309
states: “ Silicate solutions are chemically reactive rather than
membrane-forming, therefore, they do not meet the intent of
this specification.” ASTM C 156 is the test method used to
evaluate water-retention capability of liquid membrane-
forming compounds. ASTM C 1151 provides an aternative
laboratory test for determining the efficiency of liquid
membrane-forming compounds.

Membrane-forming curing compounds that meet the
requirementsof ASTM C 309 permit theloss of somemoisture
and have a variable capacity to reduce moisture loss from the
surface, depending on field application and ambient conditions
(Mather 1987, 1990; Shariat and Pant 1984; Senbetta 1988).

Compoundsformulated to meet the requirements of ASTM
C 1315 have specid properties, such as akali resistance, acid
resistance, adhes on-promoting qualities, and resistance to deg-
radation by ultraviolet light, in addition to their moisture-
retention capability as measured by ASTM C 156. Curing
compounds are classed according to their tendency to yellow
or change color with age and exposure and by whether they
are clear or pigmented. Products meeting the requirements of
ASTM C 1315 are often referred to as* breathable membrane
sealers’ after they have performed the function of a curing
membrane used during thefinal curing. When these products
are tested in accordance with ASTM C 156, the alowable
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moisture loss is 0.40 kg/m? (0.08 Ib/ft?) in 72 h when ap-
plied at a curing compound coverage rate of 5.0 or 7.4 m2/L
(200 or 300 ftzlgal .) for Typel or Type Il compounds, respec-
tively. When performing the ASTM C 156 test in alaboratory
to verify compliance with either ASTM C 309 or C 1315, the
surface of the test specimen is relatively smooth, and the
laboratory-applied coverage rates specified in the test method
can be readily obtained. Achieving the same coverage, and
therefore achieving the same moisture-retention effective-
nessin thefield, is more difficult, given the variable surface
texture and the need to evenly cover the concrete. ASTM C
1315 notes that agencies can require a substantially greater
application rate on deeply textured surfaces. Further, the
specified evaporative environment for the ASTM C 156 test
corresponds to an evaporation rate from afree water surface
varying between about 1/2 to 1 kg/m%h (0.1 to 0.2 Ib/ft3/h),
which may be less severe than encountered in a given con-
struction environment. For these reasons, the water 10ss ex-
perienced by concrete in the field may vary from the values
specified by ASTM for compliance with the requirements of
C 309 or C 1315.

Curing materials can be composed of wax or other organic
material thinned with asolvent. The solvent can maketheuse
of the curing compound subject to various restrictions or reg-
ulations governing the transport, storage, or use of hazardous
materials. When appropriate, adeguate ventilation should be
provided and other safety precautions should be taken when
using solvent-based compounds. Other similar curing com-
pounds based on water-soluble solids or a water emulsion
are available. When the concrete surfaceisto receive paint,
finishes, or toppings that require positive bond to the con-
crete, it is critical that the curing procedures and subsequent
coatings, finishes, or toppings be compatible to achieve the
necessary bond. Curing compounds meeting the require-
ments of ASTM C 1315 have been formulated to promote
such adhesion, and ASTM C 1315 includes references to test
methods for evaluating the bonding of tile and other floor
coverings. Testing to establish compatibility among the cur-
ing compound, subsequent surface treatments, concrete
moisture content, and the actual finished surface texture of
the concrete is recommended when performance is critical.
Such testing is beyond the scope of this document, but useful
references include Suprenant and Malisch (1998d,1999a,b).

Alternatives to ensuring compatibility of the curing com-
pound with subsequent surface treatments include deliberate
removal of the curing compound in accordance with manu-
facturer’ s recommendations, the use of an alternative water-
retention curing method, or water curing.

Some organic resin-based curing compounds will degrade
over time with exposure to ultraviolet light (direct sunlight).
Dissipation is accelerated in the presence of water. A self-
dissipating resin compound is expected to break down some
time after application and can be used on troweled or floated
surfaces receiving subsequent finishes. Some of these prod-
ucts may not dissipate fast enough in interior or shaded loca-
tions and are not recommended if dissipation isthe expected
method of removal. Mechanical or chemical removal should
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be specified when self-dissipating compounds are used in
interior applications.

For floors and dabs designed for high wear resistance, opti-
mum top surface strength development, durability, and mini-
mal cracking, the curing compound should meet or exceed the
moisture retention requirements of ASTM C 1315.

In accordance with the manufacturer recommendations,
liquid membrane-forming curing compounds should be
stirred or agitated before use and applied uniformly at the
manufacturer’s recommended rate. The curing compound
should be applied in two applications at right angles to each
other to ensure uniform and more complete coverage. On
very deeply textured surfaces, the surface area to be treated
can be at least twice the surface area of atrowelled or floated
surface (Shariat and Pant 1984). In such cases, two separate
applications may be needed, each at 5 m%/L (200 ft%/gal.),
with the first being allowed to become tacky before the second
is applied. A curing compound can be applied by hand or
power sprayer, using appropriate wands and nozzles with
pressureusualy intherangeof 0.2t0 0.7 MPa(25to 100 psi).
If the job size is large, application by power sprayer is pre-
ferred because of speed and uniformity of distribution. For
very small areas such as repairs, the compound can be ap-
plied with a wide, soft-bristled brush or paint roller. Appli-
cation rates are most readily verified by recording the
number of containers of compound used, or the number of
sprayer tanks or buckets of compound applied to the surface.

For maximum beneficial effect, liquid membrane-forming
compounds should be applied immediately after the disap-
pearance of the surface water sheen following final finish-
ing. Delayed application of these materials not only allows
drying of the surface during the period of peak water l0ss,
but also increases the likelihood that the liquid curing com-
pound will be absorbed into the concrete and hence not form
amembrane.

When the evaporation rate exceeds the rate of bleeding of
the concrete, the surface will appear dry even though bleed-
ing is still occurring. Under such conditions, finishing the
concrete or the application of curing compound, or both, can
be detrimental because bleed water can be consequently
trapped just below the concrete surface. Clearly identifying
thisconditioninthefield isdifficult, and it isalwaysrisky to
delay finishing and curing. In such cases where it is impor-
tant to diagnose this problem, a transparent plastic sheet can
be placed over the unfinished, uncured concrete to shield the
test area from evaporation, and any bleed water can be seen
accumulating under the plastic.

Another consequence of applying curing compound to a
freshly cast concrete surface that appears dry isthat evapora-
tionwill betemporarily stopped, but bleeding might continue,
resulting in map cracking of the membrane film with the
subseguent reduction in moisture-retention capability. This
situation would require reapplication of the curing compound.

When using curing compounds to reduce moisture 10ss
from formed surfaces, the exposed surface should be wetted
immediately after form removal and kept moist until the cur-
ing compound is applied. The concrete should be allowed to
reach auniformly damp appearance with no free water on the
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surface, and then application of the compound should begin
at once. As with flatwork, dampening the concrete prevents
absorption of the curing compound, which would prevent the
formation of a membrane.

2.4.2.4 Linseed oil-based curing compounds—Various
linseed oil emulsions have been successfully used as curing
compounds by some highway agencies (Sedgwick County
1999; Minnesota Department of Transportation 1998). Al-
though not strictly a membrane-forming compound, these
products should conform with Formulation 6325-39-2 of the
Oilseed Crops Laboratory, U.S.D.A., and meet the require-
ments of ASTM C 309 (AASHTO M 148) with the exception
of the four hour maximum drying time requirement.

These productsare used asan ASTM C 309 TypeA cur-
ing compound for retaining moisturein freshly cast concrete
and in some cases are used as a surface treatment to increase
the durability of hardened concrete. Thislatter useis beyond
the scope of this document. When used as a curing com-
pound, however, linseed oil-based compounds are intended
for application directly after final texturing. Some retarda-
tion of setting time may result from the use of these products.

2.5—Termination of curing measures

During the curing period, saturated cover materials should
not be allowed to dry and absorb water from the concrete. At
the end of the required wet-curing period, cover materials
should be allowed to dry thoroughly before removal to provide
uniform, slow drying of the concrete surface. Controlled and
gradual termination of wet or moist curing is particularly crit-
ical in cold weather when thereisarisk of freezing thefreshly
exposed and water-saturated surface. ACI 306R and ACI 301
contain recommendations for gradual termination of curing
and protection.

2.6—Cold-weather protection and curing

Cold weather putsimmature concreteat risk in at least four
ways. First, therate of evaporation of water from the surface
of concrete can be higher in cold weather than in warm
weather, particularly when the concrete is warm and the hu-
midity islow. Second, if the concrete temperature greatly de-
creases, pore water can freeze in the pores of the concrete,
leading to frost damage. Third, cold concrete temperature
slowstherate of hydration of the cement, slowing therate at
which all concrete properties develop. Fourth, when protec-
tion isremoved at the end of the curing period, thereisarisk
of rapid drying, and arapid drop in temperature can crack the
concrete. In cold weather, control of moisture should be ac-
companied by control of temperature. Wet-curing in freezing
weather can be as beneficial to the long-term serviceability
of the concrete asit isin warm weather, but only if the moist
concreteiskept from freezing. Air-entrained concrete should
be used whenever the concreteis expected to be subjected to
freezing temperature while in amoist condition.

Water curing in cold weather can require the construction
of a heated, temporary enclosure. For these reasons cold-
weather curing procedures frequently include evaporation
reducersasaninitia curing, followed by membrane-forming
curing compounds, or by covering with dry plastic sheets (or
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similar coverings), or by both a membrane-forming curing
compound and a covering in place of curing by the direct
application of water. These techniques may or may not pro-
duce the equivalent concrete surface properties as providing
added water, but the risk of freezing damage to the concrete
surfaceis reduced.

Cold-weather curing further requires that water supplies,
thewater distribution system, and the runoff water also should
be kept from freezing, and workers should be protected
against ice-related hazards and cold injury such as frosthite.

ACI 306.1 provides specification requirements for
cold-weather concreting, and additional information is
found in ACI 306R.

2.6.1 Protection against rapid drying in cold weather—
The rate of evaporation from a freshly placed concrete sur-
face can be greater in cold weather than in hot weather, es-
pecially when the concrete has been heated by the addition
of hot water that evaporates into cold, dry air. Further, cold
weather is often accompanied by faster average wind speeds.
Senbetta and Brury (1991) have discussed the likelihood of
developing plastic shrinkage cracking in cold weather. To
minimize plastic shrinkage cracking and to sustain hydration
of the cement, concrete placed in cold weather should be
maintained at a high moisture content at the surface.

2.6.2 Protection against frost damage—Maintenance of a
high moisture content at the surface when the air temperature
may drop below freezing increases the risk of frost damage,
scaling, and aggregate pop-outs. If freezing and thawing is
anticipated at any time during construction or in service,
when either the cement paste or the aggregates are critically
saturated near the surface of the concrete, air-entrained con-
crete should be used. For such conditions, properly air-en-
trained concrete containing the air contents required by
ACI 318 or ACI 301, or recommended by ACI 201.2R,
should be used. Damage from freezing at early ages should
be prevented by protecting the concrete from freezing, and
by curing without the addition of external water until acom-
pressive strength of at least 3.5 MPa (500 psi) is developed. If
it is likely that the concrete will be criticaly saturated when
subsequently exposed to freezing and thawing temperatures,
protection and curing should be continued until a compres-
sive strength of about 28 MPa (4000 psi) is reached. For
resistance to deicer scaling, acompressive strength of 31 MPa
(4500 psi) should be attained before such exposureis permitted
(Klieger 1956; Powers 1962; Mather 1990). These genera
rulesmay not apply for concretesincorporating special cements
or other special ingredients or for concrete that is cured at
high temperature (Pfeifer and Marusin 1982; Heinz and L udwig
1987; Kelham 1996).

2.6.3 Rate of concrete strength devel opment in cold weather—
When added-water curing is required in freezing weather,
ACI 306 and ACI 318 requirethat the temperature of the moist
concrete be kept above 10 C (50 F). Although concrete contin-
uously maintained at a curing temperature of 10 C (50 F) in
the field will be protected against freezing, such concrete
will develop compressive strength at about half the rate of
a companion cylinder cured in the lab at 23 C (73 F). This
reduced rate of strength gain can have significant impact on



308R-18

congtruction operations such as form and shore removal, or the
introduction of congtruction or service loads. When rate of
strength development iscriticd in cold weether, it may be neces-
sary to increase the curing temperature on the basis of testswith
the specific concrete mixture. In-place tests may be necessary.

2.6.4 Removal of cold-weather protection—When water
curing is used, either by retention or application of water,
and the ambient air temperature is or will be below freezing,
the concrete should be allowed to dry for at least 12 h before
discontinuing or removing the temperature protection to
minimize the likelihood of a nearly saturated surface condi-
tion when the concrete is exposed to freezing temperatures.
Otherwise, a moist and perhaps warm concrete surface can
be rapidly cooled and dried, resulting in freezing and, in
some cases, cracking. Therefore, cold-weather curing cover-
ings should be removed in stages to slow therates of cooling
and drying.

2.7—Hot-weather protection and curing
Hot weather can include warm, humid environments like

summer along the Gulf of Mexico or withinlargeriver valleys
that can be relatively benign in regard to concrete curing, or
the more hostile warm and dry environments|like arid regions
of thewest or southwest U.S. In these dry environments, it is
critical to maintain adequate moisture content in the con-
crete, and under such conditions, the added curing water it-
self can evaporate so quickly that it requires constant
replacement. Thisis complicated by the limited availability of
curing water in such environments.

Hot weather is defined as any combination of high air
temperature, low relative humidity, and wind velocity that
impairs the quality of fresh or hardened concrete, or other-
wise results in undesirable concrete properties. Because hot
weather can lead to rapid drying of concrete, protection and
curing are critical. Additional information about curing
concrete in hot weather is contained in ACI 305R.

Hot-weather curing starts before the concrete is placed,
with steps taken to ensure that the subgrade, adjacent con-
crete, or formwork do not absorb water from the freshly
placed concrete. This problem can be minimized by spraying
the formwork, existing concrete, reinforcement, and sub-
grade with water before placement, which can also lower the
temperature of those surfaces. Quality-control measures
should be used to avoid standing or ponded water on these
surfaces while placing the concrete.

During hot weather, initial curing methods should be used
immediately after placing, and before and during the finish-
ing process. Steps for initial curing should be taken to slow
the evaporation of the bleed water or to replenish the bleed
water. Evaporation rate is reduced by windscreens or sun-
screens that block wind and radiant energy, and by fogging
that temporarily increases the humidity of the air above the
concrete. Some of the fog dropletsfall to the concrete surface
and augment the bleed water. Training, judgment, and quality-
control measures are required to replace the evaporated
bleed water. At notimeisit proper to mix surface water with
the top layer of cement paste in subsequent finishing opera-
tions. Mixing of water into the paste increases the w/cm at
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the surface, reducing strength and durability in this critical
portion of the concrete. When high temperatures with wind,
low humidity, or both, prevail, an evaporation-reducing film
may need to be applied one or more times during the finish-
ing operation to reduce the risk of plastic shrinkage cracking
and crusting (Section 2.3.2).

Final curing methods can be used once the concrete sur-
facewill not be damaged by the application of curing materials
or water. The need for continuous curing is greatest during
the first few days after placement of the concrete in hot
weather. During hot weather, provided that favorable mois-
ture conditions are continuously maintained, concrete can at-
tain a high degree of maturity in a short time. Water-curing,
if used, should be continuous to avoid volume changes due to
aternate wetting and drying. Liquid membrane-forming com-
poundswith white (Type 1) pigments should be used to reflect
solar radiation.

2.8—Accelerated curing

A variety of proprietary products and specialized curing
procedures have been developed to rapidly cure concrete
products. Theseincludeinsulating the concrete to accelerate
curing by retaining heat of hydration or the addition of heat
via steam or other methods. Such procedures, aone or in
combination, are used to reduce the total time required for
the concrete to achieve sufficient strength to permit han-
dling. High-temperature, high-pressure, or steam curing are
beyond the scope of this document. See Pfeifer and Marusin
(1982), Heinz and Ludwig (1987), and Kelham (1996).

2.9—Minimum curing requirements

2.9.1 General—Curing should be continued long enough
to ensure that 100% of the specified value for concrete prop-
ertieswill be developed in areasonable time period after de-
liberate curing measures have been terminated, especialy
for mechanical properties such as strength or modulus of
eladticity, and for durability-related properties, such as low
permeability, abrasion or scaling resistance, initial surface
absorption, or resistance to freezing and thawing. After cur-
ing measures are terminated and the concrete is fully ex-
posed to the natural environment, the rate at which
mechanical- or durability-related properties continue to de-
velop could be reduced significantly. In the case of concrete
properties in the curing-affected zone, further development
may cease altogether upon drying of the near surface. For
these reasons, it is always best to maintain deliberate curing
until the desired in-place properties have been achieved. Ter-
mination of deliberate curing at some time short of full de-
velopment of desired properties may be reasonable when
based on experience with agiven concrete mixturein agiven
environment. Thus, when strength is the essential perfor-
mance criterion, it is common to maintain curing measures
until aminimum of 70% of the specified 28-day strength f¢,
has been achieved (ACI 301). When the structure’ s perfor-
mance requires that the in-place strength or other concrete
property reaches 100% of the specified value, curing should
be extended until tests prove that the specified property has
been reached. The temperature and moisture content of small,
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field-cured cylinders can differ significantly from that of the
larger concrete placement that they are meant to represent,
however. The in-place strength can be verified by tests such
as penetration resistance (ASTM C 803), pullout tests
(ASTM C 900), maturity measurement (ASTM C 1074), or
tests of cast-in-place cylinder specimens (ASTM C 873).
Also refer to ACI 228.1R for procedures to implement these
in-place tests.

When performance criteria, such as surface hardness,
abrasion resistance, resistance to freezing and thawing, sur-
face absorption, or permeability are required, curing may
need to be extended until the required values for such
properties are achieved. It may be necessary to perform
laboratory teststo evaluate the effect of curing on various
concrete properties. Useful standard tests for this purpose
may include C 666, C 642, C 1151, C 1202, C 944, C 418,
C 779, and C 1138. (See also Liu [1994].) In-place tests
for surface penetrability are discussed in 228.2R and in
Chapter 4 of this document.

2.9.2 Factorsinfluencing required duration of curing—The
duration of curing required to achieve the desired levels of
strength, durability, or both, depends on the chemical com-
position and fineness of the cementitious materials, w/cm,
mixture proportions, aggregate characteristics, chemical and
mineral admixtures, the temperature of the concrete, and the
effectiveness of the curing method in retaining moisture in
the concrete. This complex set of factors makesit difficult to
confidently state the minimum curing time required to
achieve the desired level of performance with the particular
mixture in question. For concrete with and without poz-
zolans and chemical admixtures, a 7-day minimum duration
of curing will often be sufficient to attain approximately
70% of the specified compressive strength. It isnot necessar-
ily true, however, that durability characteristics, such as
abrasion resistance or surface absorption, will reach satisfac-
tory levels in the same minimum time. Certain cement and
admixture combinations, and high temperature are likely to
reduce thetimerequired to lessthan 7 days, while other com-
binations of materials, cooler concrete temperatures, or both,
will extend the time required.

In general, when the development of a given strength or
durability is critical to the performance of the concrete
during construction or in service, the minimum duration of
curing should be established on the basis of tests of therequired
properties performed with the concrete mixture in question.
It is the responsibility of the designer and specifier to deter-
mine which properties are critical to the performance of the
concrete under the intended service conditions and to develop
atesting program to verify that the curing has been maintained
long enough so that such properties have been achieved.

When natural weather conditions of temperature, humidity,
and precipitation combine to cause zero net evaporation
from the surface of the concrete, no curing measures are
required to maintai n adeguate moisture content for aslong as
those natural conditions remain. In most climates, however,
such conditions can change hourly, or daily, and rarely persist
for thetime required to foster development of the required con-
crete properties. It is therefore necessary to take steps to pro-
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Table 2.1—Recommended minimum duration of
curing for concrete mixtures”

Minimum curing period
ASTM C 150 Typel 7 days

ASTM C 150 Typell 10 days
ASTM C 150 Typelll or when acceleratorsare
used to achieve results demonstrated by test to 3days
be comparabl e to those achieved using ASTM Yy
C 150 Type Il cement
ASTM C 150 Type IV or Type V cement 14 days

Blended cement, combinations of cement and
other cementitious materials of various types " :
in various proportions in accordance with Variable. See section 2.9.
ASTM C 595, C 845, and C 1157

*with various cement types when no testing is performed and no concrete
properties are specified

tect the concrete against loss of moisture. When no data are
available from experience, values are not specified for con-
crete strength or durability, and when testing is not performed
to verify in-place strength, concrete should be maintained
above 10 C (50 F) and kept moist for the minimum curing
periods shown in Table 2.1. Table 2.1 is not intended to
apply to accelerated curing under high temperature, high
pressure, or both.

CHAPTER 3—CURING FOR DIFFERENT TYPES OF
CONSTRUCTION

3.1—Pavements and other slabs on ground

3.1.1 General—Slabs on ground include highway pave-
ments, airfield pavements, canal linings, parking lots,
driveways, walkways, and floors. Slabs have a high ratio of
exposed surface areato volume of concrete. Without preventive
measures, the early loss of moisture due to evaporation from
the concrete surface could be so large and rapid as to result
in plastic shrinkage cracking. Continued loss of moisture,
and the accompanying decrease in the degree of hydration,
would have a deleterious effect on strength, abrasion resis-
tance, and durability. When moisture loss is predominantly
at the top surface of the concrete, the gradient in moisture
content leads to greater shrinkage at the top than at the bot-
tom, which in turn leads to an upwards curling of the slab
(Ytterberg 1987a,b,c). Alternatively, moisture can be lost
from the bottom surface due to absorption into a dry sub-
grade, causing the opposite moisture gradient if the top sur-
faceiskept moist. Thisalso leadsto distortion of theslab. To
minimize the development of such gradients in moisture
content, both the top and bottom of slabs on ground should
be uniformly moist or uniformly dry. Uniformly moist con-
ditions are usually required if the properties of the concrete
surface are important for the performance or appearance of
the slab. This is achieved by prewetting the subgrade, and
minimizing moisture loss at the top surface through initial,
intermediate, and fina curing as described in Chapter 1.
Similarly, when an impervious membrane or vapor barrier is
installed below the slab, maintaining the top surface in a
moist condition is imperative to minimize curling. Placement
of a 100 mm (4 in.) compacted, drainable fill on top of
membranes and vapor retarders helps to dry the bottom of
the slab so that curling is reduced while both the top and
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bottom surfaces dry (ACI 302.1R). The final tendency for
distortion of the dab dueto differential volume change, howev-
er, will depend on the moisture gradient after curing measures
have been terminated.

3.1.2 Curing procedures—To maintain a satisfactory
moisture content and temperature, the entire surface of the
newly placed concrete should be treated in accordance with
one of the water-curing methods (Section 2.2), one of the
curing materiadl methods (Section 2.4.2), or a combination
thereof, beginning as soon as possible after finishing operations,
without marring the surface.

To avoid plastic-shrinkage cracks, protective measures
such as sun shields, wind breaks, evaporation reducers, or
fog spraying should beinitiated immediately to reduce evap-
oration. Exposed surfaces of the slab should be entirely
covered and kept wet until the required concrete properties
have developed to the desired level.

Mats used for curing can either be left in place and kept
saturated for completion of the curing, or can be subsequent-
ly replaced by a liquid membrane-forming curing com-
pound, plastic sheeting, reinforced paper, straw, or water. If
the concrete has been kept continuously moist since cast-
ing and finishing, drying of the concrete with its accompa
nying shrinkage can begin only when the curing procedures
are discontinued. Therefore, the surface should be protected
against rapid loss of moisture upon the termination of curing
by replacing wet burlap with plastic sheets until the surface
has dried under the sheets.

3.1.3 Duration of curing—When the average ambient daily
temperature (computed as the average of the highest and
lowest temperature from midnight to midnight) isabove 5 C
(40 F), the recommended minimum period of maintenance
of moisture and temperature for all proceduresisas shownin
Table 2.1 (Section 2.9.2) or it is the time necessary to attain
an in-place compressive strength of the concrete of at least
70% of the specified compressive or flexural strength,
whichever period is longer. If testing is not performed to
verify in-place strength, concrete should be maintained
above 10 C (50 F) and kept moist for the time periods shown
in Table 2.1, unless otherwise directed in the specifications.
Strength-based criteria should be replaced or augmented
with durability-related criteria when appropriate. When
concreteisplaced at an average daily temperature of 5 C (40 F)
or lower, precautions should be taken to prevent damage
by freezing as recommended in ACI 306R. These general-
purpose recommendations can be insufficient if durability-re-
lated surface properties are required.

3.2—Buildings, bridges, and other structures

3.2.1 General—Concrete in structures and buildings in-
cludes cast-in-place walls, columns, slabs, beams, and all
other portions of buildings except slabs-on-grade, that are
covered in Section 3.1. It also includes small footings, piers,
retaining walls, tunnel linings, and conduits. Not included
are mass concrete (see Section 3.3), precast concrete, and
other constructions as discussed in Section 3.4.
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3.2.2 Curing procedures—Under usua placing condi-
tions, curing should be accomplished by one or a combina
tion of methods discussed in Chapters 1 and 2.

Additional curing should be provided after the removal of
forms when the surface strength or durability of underside
surfacesis deemed important, or when it is necessary to min-
imize dusting. Additional curing is done by either applying a
liquid membrane-forming curing compound or by promptly
applying sufficient water to keep the surface continuously
moist. Water curing of vertical surfaces can be doneby using
wet burlap covered with polyethylene. Water curing of the
bottom of slabs and beamsis not recommended and israrely
effective. Form removal should be done when curing has
been sufficient.

After the concrete has hardened and while the forms are
still in place on vertical and other formed surfaces, form ties
may be loosened when damage to the concrete will not occur
and water applied to run down on theinside of theformto keep
the concrete wet. Care should be taken to prevent thermal
shock and cracks when using water that is significantly
cooler than the concrete surface. Curing water should not
be more than about 11 C (20 F) cooler than the concrete
(Section 2.2.1). Immediately following form removal, the
surfaces should be kept continuously wet by awater spray or
water-saturated fabric or until the membrane-forming curing
compound is applied. Curing measures should include
treatment of top surfaces.

3.2.3 Duration of curing—When the daily mean ambient
temperatureisabove5 C (40 F), curing should be continuous
for the time periods shown in Table 2.1, or for the time nec-
essary to attain a minimum of 70% of specified compressive
(or flexural strength if appropriate), whichever period is
longer. If concrete is placed with daily mean ambient tem-
peraturesat 5 C (40 F) or lower, precautions should be taken
as recommended in ACI 306R. Strength-based criteria
should be replaced or augmented with durability-related
criteriawhen appropriate (See Section 2.9.1 and Chapter 4).

3.3—Mass concrete

3.3.1 General—Mass concrete is any volume of cast-in-
place concrete with dimensions large enough to require
measures be taken to cope with the generation of heat and
attendant volume change and to minimize cracking. It is
most frequently encountered in piers, abutments, dams,
heavy footings, and similar massive constructions; although,
the impact of temperature rise and thermal gradients should
be considered in dl concrete, whether the concreteisreinforced
or not. Such problems are exacerbated where high strength and
high cementitious materials contents are required. Recommen-
dations for the control of temperature and therma gradientsin
mass concrete are found in ACI 207.1R and ACI 207.2R.

3.3.2 Methods and duration of curing—Mass concrete is
often cured with water for the additional cooling benefit in
warm weather; however, this can be counterproductive when
the temperature gradient between the warmer interior and
the cooler surface generates stressin the concrete. Horizontal or
doping unformed surfaces of mass concrete can be maintained
continuously wet by water spraying, wet sand, or water-
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saturated fabrics. For vertical and other formed surfaces, after
the concrete has hardened and the forms are till in place, the
form ties may be loosened and water supplied to run down the
inside of the form to keep the concrete wet (Section 3.2.2).
Immediately following form removal, the surfaces can be
kept continuously wet by a water spray or water-saturated
fabric. Curing water should not be more than approximately
11 C (20 F) cooler than the concrete, because induced surface
strains may cause cracking.

Liquid membrane-forming curing compounds may be the
best alternative in some instances. During cold weather, for
example, after the initial protection period from freezing,
application of aliquid membrane-forming curing compound,
inlieu of spraying surfaceswith water, will adequately reduce
drying and provide satisfactory curing conditions without
icing problems. The use of curing compounds may be per-
mitted if the surfaceisnot a construction joint or if the mem-
brane is removed before placing adjacent concrete. A self-
dissipating membrane-forming curing compound can be
used on concrete surfaces that are to receive an additional
layer of concrete or other bonded surface treatment. The sur-
face should be cleaned before the new concrete is placed.
Use of the membrane-forming curing compound, however,
may alter the appearance of the concrete surface.

Curing should start as soon as the concrete has hardened
sufficiently to prevent surface damage. For unreinforced
massi ve sections not containing ground granulated blast-fur-
nace slag or pozzolan, curing should be continued for not
less than 2 weeks. Where ground granulated blast-furnace
slag or pozzolan is included in the concrete, the minimum
timefor curing should be not lessthan 3 weeks. For reinforced
mass concrete, curing should be continuous for a minimum
of 7 daysor until 70% of the specified compressive strength
isobtained, if strength isthe key concrete performance crite-
rion. For construction joints, curing should be continued un-
til resumption of concrete placement or until the required
curing period is completed.

3.3.3 Formremoval and curing formed surfaces—Forms
for mass concrete can be removed as soon as removal oper-
ations can be safely performed without damage to the con-
crete or impairment to the serviceability of the structure.
During cold weather, the protection afforded by forms can
make it advantageous to leave the forms in place until the
end of the minimum protection period or even longer. When
forms are removed and protection is discontinued, the con-
crete should be cooled gradually to ambient temperature at
rates not exceeding 14 C (25 F) in 24 h. The concrete can be
cooled gradually by replacing the forms with coverings that
retain less heat when the forms are removed. When the temper-
ature differential between the concrete surface and the ambient
ar islessthan 14 C (25 F), forms can be removed and protec-
tion discontinued without the need for gradual cooling.

3.4—Curing colored concrete floors and slabs
Concrete can be colored by applying adry-shake hardener or
using integral coloring pigments. The goal is normally to
obtain a colored surface with minimal variations. It isimpera-
tivethat the curing process be prompt, continuous, and uniform.
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Table 3.1—Curing for specialty concrete

Specialty concrete ACI committee report
Refractory concrete 547.1R
Insulating concrete 523.1R
Expansive cement concrete 223
Roller-compacted concrete 207.5R
Architectural concrete 303R
Shotcrete 506.2
Fiber-reinforced concrete 544.3R
Vertical slipform construction 313

The following methods have been used successfully to

provide satisfactory moisture retention, adequate strength

development for the wearing surface, and to minimize

cracking:

* Application of a clear membrane-forming curing and
sealing compound meeting ASTM C 1315, Typel, Class
A. (Note that even nonyellowing compounds will dis-
color over time.,) For colored industrial floors subjected
to moderate or heavy traffic, the curing compound
should limit moisture loss to 0.040 kg/m? (0.008 1b/ft?)
at acoverage rate of 7.4 m%/L (300 ft%/gal.);

» Application of a matching pigmented membrane-form-
ing curing compound. (Note that a significant color dif-
ference can be expected when the curing compound
wears off);

» Application of a removable curing compound. The
removal process should be thoroughly discussed before
applying these materials. The timing of the removal
process is affected by many factors. One such factor is
the rate of top surface strength development;

e Application of an approved nonstaining sheet mem-
brane. This membrane has plastic on the outer surface
and felt (or similar absorptive, nonstaining material) on
the inner surface. This membrane should be placed flat
on the concrete surface to minimize mottling due to dif-
ferential moisture loss. The use of polyethylene alone
is not recommended because the contact between the
polyethylene and the surface of the concrete is variable,
resulting in a mottled appearance; and

» Application of ponding or other equivalent moist- cur-
ing or water-retention methods. The surface should be
kept continuously moist for 7 days or longer without
periodic drying. Ponding can affect the appearance of
the colored concrete. Check the water source for miner-
als or compounds that can stain or modify the color of
the concrete. Also check any water-retention coverings
that can discolor the concrete.

Placement of atest slab isrecommended to visually assess
the appearance achieved by the combination of concrete col-
oring and curing methods. Thetest slab should be larger than
10 m? (100 ft?) and should be prepared using the concrete
mixture and finishing and curing techniques planned for the
project. The environmental conditions should be the same or
similar to those expected for the project. Several different
curing methods can be used on the test slab(s).
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3.5—O0ther constructions

Previous chapters and sections have addressed curing for
normal cast-in-place concrete. Curing for specialty concrete
and specia construction techniquesisreferencedin Table 3.1.

CHAPTER 4—MONITORING CURING AND CURING
EFFECTIVENESS

4.1—General

Most specificationsfor curing freshly placed concrete pre-
scribe a curing method or acceptable aternatives combined
with a specified duration over which the methods must be
used. Monitoring the effectiveness of the curing methods
used or eval uating the environment in which the concrete has
been placed can be of value but israrely done. Several of the
techniques currently available for such monitoring are listed
as follows and are discussed in detail later in this chapter.

Some of these techniques will likely be devel oped further to

evaluate the need for curing, the effectiveness of the curing

methods used, and compliance with applicable specifica-
tions. The following actions can be taken to evaluate curing
and curing effectiveness:

*  Monitor the environmental conditionsin which the con-
creteis placed to evaluate the need for temperature and
moisture control;

» Verify that the specified curing procedures have been
used;

e Monitor the quantitative changes in the immediate
environment as aresult of curing procedures;

e Monitor the moisture content and temperature in the
concrete; and

* Monitor the physical properties of the concrete, as
influenced by the application of curing procedures.
Properties of the concrete near to the surface are the
most sensitive to curing and are often the most useful
or reliable indicators of curing effectiveness.

4.2—Evaluating the environmental conditions in
which the concrete is placed

The need for moisture control in freshly placed concrete
depends on the rate of moisture loss from that concrete.
Moisture loss depends on the water content, the ease with
which water can move through the fresh concrete, the rate of
bleeding, the rate of absorption into forms or subgrade, and
therate of evaporation of water from the exposed surfaces of
the fresh concrete. Therate of evaporation from the surface of
concrete further depends on the temperature and other proper-
ties of the mixture, construction operations, surface texture,
and ambient environmental conditions (Section 1.4.2.2.1).
Finally, evaporation from the surface depends on whether the
surface is directly exposed to the air or is covered with bleed
water, curing water or chemical treatments, or with surface
coverings.

Evaporation depends on environmenta factors that include
the temperature of the concrete, the temperature of the water
on the surface of the concrete, the temperature and RH of the
air above the surface of the concrete, and the wind speed
close to the concrete surface (Section 1.4.2.2.1). These fac-
tors combine with the characteristics of the concrete mixture
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and surface texture to promote or hinder evaporation of wa-
ter from the concrete surface.

4.2.1 Estimating evapor ation rate—A pproximate methods
for estimating the rate of evaporation of water from a water-
covered surface have been proposed since the early 1800s
(Brutsaert 1982; Veihmeyer 1964; Uno 1998). Each of these
methods hasin common the estimation of rate of evaporation
on the basis of measurements of air temperature and relative
humidity, water temperature, and wind speed. The most
common of these approximate methods used by the concrete
industry isthe relationship adopted from hydrological appli-
cations (Menzel 1954; Veihmeyer 1964; Uno 1998). This
was subsequently reformatted by the National Ready
Mixed Concrete Association (NMRCA 1960) to produce
the nomograph shown in Fig. 4.1.

The nomograph is most commonly used to estimate evap-
oration rate for the purpose of evaluating the risk of plastic
shrinkage cracking (Lerch 1957; NRMCA 1960). This is
based on Lerch’s supposition that the surface begins to
dry when the evaporation rate exceeds the bleeding rate.
Because bleeding rates vary for different mixtures from O to
over 1.0 kg/m2/h (0.2 Ib/ft2/h), vary over time after casting,
and are not normally measured in the field, a value is most
often assumed for the bleeding rate that then becomes an im-
plicitly assumed value for critical rate of evaporation. The
most commonly quoted value is 1.0 kg/m2/h (0.2 Ib/ft2/h)
based on work originally reported in 1954 and 1955 (Menzel
1954; Lerch 1957). Recent experience with high-performance
bridge deck overlays containing silica fume that exhibited a
sharply reduced bleeding rate has led to specified maximum
allowable evaporation rates of only 0.25 kg/m?h (0.05 Ib/ft%/h)
for overlays (Virginia DOT 1997). Other specifications re-
flecting a reduced bleeding rate with modern concretes vary
from 0.50 to 0.75 kg/m%h (0.10 to 0.15 Ib/ft¥/h) (Krauss and
Rogalla 1996). When the concrete mixture has a zero bleed-
ing rate, the critical evaporation rate above which the surface
will dry is zero. Zero bleeding rates are characteristic of
dense mixtures incorporating fly ash, silica fume, ground-
granulated blast-furnace slag or other pozzolans, high ce-
ment contents, low w/cm, fine cements, or high air contents.
Further, all concrete mixtures exhibit a diminishing bleeding
rate during setting with an eventual bleeding rate of zero.

4.2.1.1 TheMenzel/NRMCA nomograph—The nomograph’*
(Fig. 4.1) and its underlying equations characterize the evap-
orative environment and are not intended to estimate the actual
rate at which water is being lost from the concrete surface. The
nomograph provides an estimate of “evaporativity,” whichis
the maximum rate “at which the atmosphere can vaporize
water from a free water surface” (Jalota and Prihar 1998;
Uno 1998). The nomograph is therefore most useful as a
means of approximately characterizing the environment into
which the concrete is being placed. This can be helpful for
forecasting the need for curing and protection measuresand for
estimating the likely effects of changes in air or concrete
temperature, humidity, or wind speed on evaporation. Thelim-
itationsinherent in the method are discussed in Section 4.2.1.2.

4.2.1.2 Limitationsand accuracy—Because the nomograph
was derived from an experimental fit of actual evaporation rates
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Fig. 4.1—Nomograph for estimating the maximum potential rate of evaporation of the environment, assuming a water-covered
surface in which the water temperature is equal to the concrete temperature (Menzel 1954; NRMCA 1960).
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with measurements of wind speed, temperature, and humid-

ity, environmental measurementsin the field should be taken

asinthe original experiments, as follows:

* Theair temperatureisto betaken 1.2 t0 1.8 m (4 to 6 ft)
above the evaporating surface, in the shade;

*  The temperature of the water being evaporated at the
surface is equal to the temperature of the concrete, and
direct sunlight is not contributing to evaporation;

»  Therelative humidity should be measured in the shade,
on the windward side (upwind) of, and 1.2 to 1.8 m (4
to 6 ft) above the evaporating surface;

»  The wind speed should be measured at a height of 0.5
m (20 in) above the surface of the concrete. It is further
assumed that the wind velocity profile (variation of
wind speed with height above the evaporating surface)
isidentical to that which prevailed in the experiments
that led to development of the equation.

These measurement conditions were defined in the
original work by Menzel but were inadvertently deleted
from the nomograph in 1960 and in all subsequent versions.

Uno (1998), Hover (1992), Shaeles and Hover (1988),
and Al-Fadhalaand Hover (2001) have discussed the accuracy
of the nomograph and its sengitivity to the measuring protocols.
In wind-tunnel testing under controlled conditions, Al-Fadhala
and Hover (2001) demonstrated that when measurements were
taken as originally defined in Menzel’ s paper (1954), estimates
based on the nomograph were within = 25% of actual evapora
tion rates up to 1.0 kg/m?/h (0.2 Ib/ft%/h). At higher evaporation
rates the nomograph consistently overestimated the actua rate
by up to 50% at 1.8 kg/m?/h (0.36 Ib/ft3/h).

The most common error in using the nomograph is to
measure wind speed at other than 0.5 m (20 in.) above the
evaporating surface in question. Because the surface air speed
defines the evaporative environment and is highly variable
based on ground clutter and the prevailing wind velocity pro-
file, measurements taken from nearby westher stations at
heights varying from 2 to 12 m (6 to 36 ft) will almost always
lead to overestimates of evaporation rate. Furthermore, because
wind speed fluctuates widely over even ashort period of time,
the average evaporation rate over the time required to cast a
concrete dab, for example, isrelated to an average wind speed
over that period. Therefore, aspot measurement of wind speed
can be midleading in estimating evaporation rate.

Because the output of the nomograph isthe rate of water
loss from a water-covered surface under the same environ-
mental conditions (such as alake, reservoir, or awater-filled
evaporation pan), the computed result approximates the water
loss from concrete only when the concrete surface is covered
with bleed water. Al-Fadhala and Hover showed that for the
short time that concrete specimens were covered with bleed
water, the rate of evaporation from the concrete was fairly
well-gpproximated by the value obtained from the nomograph.
Theactual rate of water lossfrom the concrete surface decressed
to approximately 50% of the free-water evaporation rete at 3 h
after batching, however, diminishing to 10% at approximately
8h. Thisissimilar to the results obtained by Berhane (1984) and
isdueto thereduction of paste porosity that accompanieshydra-
tion of the cement, which in turn hindersthe movement of weter
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out of the concrete. No standardized techniqueisavailableto es-
timate the rate of evaporation from a concrete surface not cov-
ered with water (Berhane 1984, 1985; Mather 1984; Shagles
and Hover 1988; Al-Fadhaaand Hover 2001).

Given the inherent variability in fluctuating environ-
mental conditions and the empirical nature of the nomograph
itself, this method is primarily useful for characterizing the
environment in an approximate manner. The method correct-
ly identifies the factors controlling evaporation and allows
the user to predict how the various factors interact to either
increase or decrease the severity of the evaporative environ-
ment. When field measurements are taken, the nomograph pro-
duces an estimate that is likely to be within 25% of the actual
evaporativity of the congtruction environment. Alternative
evaporation predictors are available in the hydrologic literature.
Several methodsfor estimating evaporation rate are reviewed by
Uno (1998), Brutsaert (1987), and Shaeles and Hover (1988).

4.2.1.3 Alternative technologies for estimating evapora-
tion rate—Remote sensing devices have been developed for
agricultural applications to estimate the rate of evaporation
from the surface of field crops. In limited tests, one such in-
strument based on the horticultural work of 1dso (1968) and
Idso et al. (1969) was useful for estimating the rate of evap-
oration from the surface of concrete.

More accurate estimates of the actual rate of evaporation at
the surface of the concrete can be made by typical agricultural
or meteorological methods of evaporation pans and recording
devices. A modification of these methods was used in which
contai ners of the concrete mixture were exposed to evaporative
conditions and periodically weighed to estimate the rate of
evaporation from the concrete surface (Shaeles and Hover
1988; Al-Fadhala and Hover 2001; Krauss and Rogalla 1996).

Regardless of the method used to estimate evaporative
conditions, the key requirement is to recognize that the rate
of evaporation can vary considerably over a given localized
area, and that the most significant evaporation rate is that
measured at the concrete surface at the time of concrete plac-
ing, finishing, and curing. Data obtained from nearby weather
stations, airports, or furnished by a local news service are
guestionable when estimating the conditions at a particular
job site, or over aparticular concrete surface on that site, and
can lead to significant errors in calculating the rate of evap-
oration (Falconi 1996).

4.3—Means to verify the application of curing
When a particular curing process is specified, one can as-

sess the application of curing in accordance with those spec-
ifications. For example, if the specifications require a 3-day
water cure, one can monitor the duration over which the con-
crete surfaces were continuously exposed to water. Similarly,
if covering with plastic or other materialsisrequired, onesim-
ply observes whether this was done or not, and whether the
concrete surface remained continuously covered.

On the other hand, when a liquid-applied curing membrane
isused and aparticular rate of applicationisrequired (either di-
rectly by the specifications or by reference to manufacturer’s
ingtructions), an average rate of application can be determined
by monitoring the volume of liquid applied over ameasured area.
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Whilethis can be done by counting empty drums of curing ma-
terial at the conclusion of several concrete placements, more
reliable estimates are made by first-hand observation of the
application of the material. When power spray equipment is
used, it is sometimes possible to monitor the flow rate from the
hose or nozzle. Verification of curing-compound coveragerate
is more difficult for deeply textured surfaces, however, where
the contact surface area can be more than twice the projected
horizontal area of a dab (Shariat and Pant 1984). Thisis true
not only for dabs, but also for architecturally formed surfaces
with bold relief.

To develop asensefor the degree of saturation or coverage
corresponding to the required rate of application, apply the
material inquestionto asmall measured trial area. For example,
at heavy rates of application, the liquid-applied curing material
often forms avisible sheen over the surface and will sometimes
stand in puddles at low spots. Onceit is determined that thisis
the appropriate appearance for a sufficiently heavy application,
it would become obviousthat alight coating that is barely visi-
ble would not comply with the applicable specification.

4.4—Quantitative measures of the impact of curing
procedures on the immediate environment

Some curing procedures, such as using afog spray, erecting
wind screens, or heating the air around the concrete being cast,
modify the immediate environment. The effectiveness of such
procedures can be directly monitored by temperature, humidity,
or wind speed measurements as discussed previoudly.

The effect of curing procedures on therate of evaporation can
be assessed either by estimating evaporative conditions before
and after the application of curing, or by other indirect methods.
Indirect assessment of evaporation rate comes from recognition
of theimpact of evaporative cooling on the surface temperature
of concrete. Thus, adropin surface temperature can bethe result
of anincreasein therate of cooling. In the absence of other fac-
tors causng a change in concrete surface temperature,
Folliard* observed that the application of a high-solids curing
compound immediately reduced the evaporation rate and
resulted in arapid increasein surface temperature. This exper-
iment was performed indoors without incident sunlight.

4.5—Quantitative measures of the impact of curing
procedures on moisture and temperature
Curing reduces the loss of internal and surface moisture,

and controls the temperature of concrete to permit sufficient
hydration of the cementitious materials. Therefore, monitoring
the effectiveness of the curing procedures can be performed by
monitoring either the degree to which the temperature and in-
ternal moisture content have been controlled, or the degree to
which hydration has progressed and developed improved
concrete properties.

Direct measurements of concrete temperature are readily
performed by a variety of techniques. Typical insertion
thermometers used to measure the temperature of fresh
concrete are of little value after setting, while embedded
thermocouples are an inexpensive means of monitoring

4 Folliard, K., and Hover, K. C., 1989, “Nationd Science Foundation Research for
Undergraduates Program, Cornell University (NSFREU),” Report of Activities, Aug., 1989.
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multiple locations and various depthsin both fresh and hard-
ened concrete (ACI 306R). Specially designed surface ther-
mometers are useful. Pyrometers and infrared devices can be
used to measure surface temperature remotely.

Internal moisture content or internal relative humidity can
be measured with instruments of a variety of levels of so-
phistication. Relatively inexpensive, embeddable moisture
gages are available, as are electronic moisture and humidity
gages. (Refer to Section 4.7 for references on use of gages
and interpretation of results.)

Through the use of such devices, one can comply with a
performance specification for curing that requires that the
concrete remain within aparticular range of temperature and
internal moisture content for a specified period of time.

Such instrumentation may also be valuable in assessing
the tendency for undesirable phenomena such as shrink-
age, cracking, and curling. Such phenomena are related to
mixture composition and proportions, internal tempera-
ture and moi sture content, and thermal and moisture gradients
within the concrete.

4.6—Maturity method
The maturity method has been developed as ameans of es-

timating the cumulative effect of time and temperature dur-
ing curing on the development of concrete properties. The
method is based on the influence of temperature on the rate
of the reaction between cement and water, and assumes that
the higher the concrete temperature, the more rapidly the
cement hydrates, and therefore, the more rapid the develop-
ment of strength and related properties. Concrete matures as
the degree of hydration increases.

Application of the maturity method requires monitoring
in-place concrete temperature in a structure over time and
computation of the effect of that time-temperature history on
the maturity of thein-place concrete. Accompanying labora-
tory work on the same concrete mixture correlates maturity
to strength (or other property of interest) by testing standard
specimens after exposure to various curing temperatures for
varying lengths of time. In-place strength in the structure is
inferred from the level of maturity determined in the field
and from the strength-maturity relationship developed in the
lab. Throughout this process, it is necessary to make surethat
the concrete mixture used in the structure is the same as that
used in the specimensfor devel oping the correl ation between
maturity and strength, and that there is sufficient water for
hydration. The maturity method is described in detail in
ASTM C 1074 and in multiple references (Carino 1991;
ACI 306R; ACI 228.1R).

The temperature record required for maturity calcula-
tionsdirectly indicatesthe effectiveness of curing measures
for controlling concrete temperature. Moisture control is
not recorded in most current applications of maturity be-
cause it is assumed that the moisture condition of the struc-
ture and that of the test specimens is the same such that
temperature differences alone control the relative rates of hy-
dration. An error can be introduced into the maturity ap-
proach when an inadequate supply of moisture inhibits
hydration of the cement. For example, a strength-maturity
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Table 4.1—Concrete characteristics in the curing-
affected zone

Reference
Wainwright et al. 1990

Near surface property affected by curing
Degree of hydration

Pore size distribution mercury-intrusion
porosimetry

Wainwright et al. 1990

Wainwright et al. 1990
Ballim 1993
Kollek 1989

Nolan et al. 1997
Basheer et al. 1990
Dhir et al. 1995

Ben-Othman and Buenfeld
1990

Parrott 1995
Dinku and Reinhardt 1997
Figg 1973
Tang and Nilson 1986
Montgomery et a. 1992

BS 1881: Part 5, 1970; Part
122, 1983; Part 208, 1996

ASTM C 1151; Senbetta
and Scholer 1984

Hooton et al. 1993
DeSouzaet al. 1997
DeSouzaet al. 1998

Nolan et al. 1997

Basheer et al. 1990
McCarter et a. 1996
Balayssac et al. 1993

Ballim 1993
Figg 1973
Concrete Society 1988
Dhir et al. 1987
McCarter 1995
Price and Bamforth 1991
Sabir et al. 1998
Balayssac et al. 1998
Montgomery et al. 1992
Parrott 1995
McCarter et a. 1996
Nolan et al. 1997
Persson 1997
Nolan et al. 1997
Long and Murray 1984
Montgomery et al. 1992
Dinku and Reinhardt 1997

RILEM Recommendations
CPC-18 1988

Nolan et al. 1997
Balayssac et a. 1993
Bier 1987
Montgomery et al. 1992

Sawyer 1957

Oxygen or air permeability

Initial surface absorption

Surface permeability/absorption test devices

Internal moisture content

Tension strength of surface concrete pull-off
testing

Depth of carbonation

Abrasion resistance

relationship developed on the basis of wet-cured test speci-
mens would lead to an over-estimate of strength for in-place
concrete that was allowed to dry even though it was kept
warm. Future developments in the maturity theory would
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allow the quantitative evaluation of the effects of both temper-
ature and moisture on the development of concrete properties,
and would direct anew interest in comprehensively monitoring
curing effectiveness.

4.7—Measuring physical properties of concrete
affected by temperature and moisture control to
assess curing effectiveness

Because the ultimate goal of proper curing is the devel op-

ment of appropriate concrete properties, the final test of the
effectiveness of curing iswhether those properties are devel -
oped (Wainwright, Cabrera, and Gowriplan 1990). While
virtually all concrete properties are sensitive to curing, the
adequacy of curing is most readily observed in the proper-
ties of concrete at the curing-affected zone.

The curing-affected zone (Cather 1992) will vary in
thickness depending on the properties of the concrete, the
severity of the ambient conditions, and the curing timein-
volved. For example, in low w/c concrete with a specified
28-day cylinder compressive strength of 55.2 MPa (8000
psi), the resulting curing-affected zone was observed to ex-
tend from 6 to 10 mm (1/4 to 3/8 in.) from the surface after
aperiod of 1 year of continuous wet curing (Hover 1984).
In more conventional concretes, this zone may be 10 to 13
mm (3/8to 1/2 in.) deep at an age of 28 days (Hover 1984;
Cather 1992; Dhir et al. 1986-92). Regardless of the shal-
lowness of the zone, however, the concrete properties in
this zone are most frequently those that determine the dura-
bility and serviceability of the concrete. Inthe case of anin-
dustrial floor, for example, the top 6 mm (1/4 in.) is the
most critical part of the entire concrete installation and is
vital to satisfactory performance.

Given the shallowness of the curing-affected zone, test
techniques that evaluate the properties of the concrete at
depth, such as measuring the compressive strength of drilled
cores, have a limited sensitivity to the effectiveness of cur-
ing. Concrete characteristics in the curing-affected zone that
are likely to be more sensitive to curing effectiveness,
along with alisting of references for test methods for these
properties, are shown in Table 4.1.

CHAPTER 5—REFERENCES
5.1—Referenced standards and reports
The standards and reports listed bel ow were the | atest edi-

tions at the time this document was prepared. Because these
documents are revised frequently, the reader is advised to
contact the proper sponsoring group if it isdesired to refer to
the latest version.

AASHTO Material Sandards

M148 Liquid Membrane Forming Curing Com-
pounds

M182 Burlap Cloth Made From Jute or K enaf

T26 Quality of water to be used in concrete

ACI Sandards and Reports

116R Cement and Concrete Terminology

201.2R Guide to Durable Concrete

207.1R Mass Concrete
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207.2R Effect of Restraint, Volume Change, and
Reinforcement on Cracking of Massive
Concrete

207.5R Roller-Compacted Mass Concrete

223 Shrinkage-Compensating Concrete

228.1R In-Place Methods to Estimate Concrete
Strength

232.2R Use of Fly Ashin Concrete

233R Ground Granulated Blast-Furnace Slag as
a Cementitious Constituent in Concrete

234R Guide for Use of SilicaFume in Concrete

301 Standard Specification for Structural Concrete

302.1R Guidefor Concrete Floor and Slab Congtruction

303R Cast-in-Place Architectural Concrete

305R Hot Weather Concreting

306R Cold Weather Concreting

306.1 Standard Specification for Cold Weather
Concreting

308 Standard Practice for Curing Concrete

308.1 Standard Specification for Curing Concrete

313 Design and Congtruction of Concrete Silosand
Stacking Tubesfor Storing Granular Materias

318 Building Code Requirements for Structura
Concrete (318-99) and Commentary (318R-99)

506.2 Specification for Shotcrete

523.1R Guidefor Cast-in-Place Low-Density Concrete

544.3R Guide for Specifying, Proportioning, Mixing,
Placing and Finishing Steel Fiber Reinforced
Concrete

547.1R Refractory Plastics and Ramming Mixes

548.1R Polymersin Concrete

ASTM Sandards

C33 Specifications for Concrete Aggregates

CY Specification for Ready Mixed Concrete

C125 Terminology Relating to Concrete and
Concrete Aggregate

C 156 Test for Water Retention by Concrete Cur-
ing Materials

ci71 Specification for Sheet Materialsfor Curing
Concrete

Cc232 Test Method for Bleeding of Concrete

C 309 Specification for Liquid Membrane-Form-
ing Compounds for Curing Concrete
C403/C403M Test Method for Time of Setting of Concrete

Mixtures by Penetration Resistance

C 418 Test method for Abrasion Resistance of
Concrete by Sandblasting
C 666 Test Method for Resistance of Concrete to

Rapid Freezing and Thawing
C672/C672M Test Method for Scaling Resistance of Con-
crete Surfaces Exposed to Deicing Chemicds
Test Method for Abrasion Resistance of
Horizontal Concrete Surfaces
C 803/C 803M Test Method for Penetration Resistance of
Hardened Concrete
Test for Rebound Number of Hardened
Concrete

C779

C 805

308R-27

Cc873 Test for Compressive Strength of Concrete
Cylinders Cast-in-Place in Cylindrical
Molds

C 900 Test for Pullout Strength of Hardened Concrete

co44 Test Method for Abrasion Resistance of
Concrete or Mortar Surfaces by Rotating-
Cutter Method

C 1074 Practice for Estimating Concrete Strength
by the Maturity Method

C 1138 Test Method for Abrasion Resistance of
Concrete (Underwater Method)

C11-51 Test Methods for Evaluating the Effective-
ness of Materiasfor Curing Concrete

C 1202 Test Method for Electrical Indication of
Concrete's Ability to Resist Chloride lon
Penetration

C 1315 Specification for Liquid Membrane-Forming

Compounds Having Special Properties for
Curing and Sealing Concrete

5.2—Cited references
Abel, J. D., and Hover, K. C., 2000, “Field Study of the Set-

ting Behavior of Fresh Concrete,” Cement, Concrete, and Ag-
gregates, V. 22, No. 2, Dec., pp. 95-102.

Aitcin, P.-C., 1999, “Does Concrete Shrink or Does it
Swell?” Concrete International, V. 21, No. 12, Dec. pp. 77-80.

Al-Fadhala, M., and Hover, K. C., 2001, “Rapid Evapora-
tion from Freshly Cast Concrete and the Gulf Environment,”
Construction and Building Materials, V. 15, No. 1, Jan., pp. 1-7.

Balayssac, J. P.; Detriche, C. H.; and Diafat, N., 1998,
“Effect of Wet Curing Duration upon Cover Concrete Charac-
teristics,” Materialsand Structures, V. 31, June, pp. 325-328.

Balayssac, J. P.; Detriche, C. H.; and Grandet, J., 1993, “Va-
lidity of the Water Absorption Test for Characterizing Cover
Concrete,” Materialsand Structures, V. 26, May, pp. 226-230.

Ballim, Y., 1993, “Curing and the Durability of OPC, Fly
Ash, and Blast-Furnace Slag Concretes,” Materials and
Structures, V. 26, May, pp. 238-244.

Basheer, P. A. M.; Long, A. E.; and Montgomery, F. R.,
1994, “The Autoclam—a New Test for Permeability,”
Concrete, July-Aug., pp. 27-29.

Basheer, P. A. M.; Montgomery, F. R.; Long, A. E.; and
Batayneh, M., 1990, “Durability of Surface Treated Con-
crete,” Protection of Concrete, Proceedings of the International
Conference, Dundee, Scotland, R. K. Dhir and J. W. Green,
eds., E&FN Spon, London, pp. 211-221.

Ben-Othman, B., and Buenfeld, N.R., 1990, “Oxygen Per-
meability of Structural Lightweight Aggregate Concrete,”
Protection of Concrete, Proceedings of the International Con-
ference, Dundee, Scotland, R. K. Dhir and J. W. Green, eds.,
E&FN Spon, London, pp. 725-736.

Berhane, Z., 1984, “Evaporation of Water from Fresh Mor-
tar and Concrete at Different Environmental Conditions,” ACI
JOURNAL, Proceedings V. 81, No. 6, Nov.-Dec. pp. 560-564.

Berhane, Z., 1985, Closure to discussion on paper, “ Evapora-
tion of Water from Fresh Mortar and Concrete at Different En-
vironmental Conditions,” ACl JOURNAL, Proceedings V. 82,
No. 6, Nov.-Dec., pp. 930-933.



308R-28

Bier, T. A., 1987, “ Influence of Type of Cement and Curing
on Carbonation Progress and Pore Structure of Hydrated
Cement Paste,” Materials Research Society Symposium, V. 85,
pp. 123-134.

British Standards Institute, “ Testing Concrete—M ethods
of Testing Hardened Concrete For Other Than Strength,” BS
1881-5:1970, London, 36 pp.

British Standards Institute, “Testing Concrete—Method
for Determination of Water Absorption,” BS 1881-
122:1983, London, 4 pp.

British Standards Ingtitute, “Testing Concrete—Recom-
mendations for the Determination of the Initial Surface Ab-
sorption of Concrete,” BS 1881-208:1996, L ondon, 14 pp.

Brutsaert, W., 1982, Evaporation Into the Atmosphere:
Theory, History, and Applications, D. Reidel Publishing Co.,
Dordrecht, Holland, 299 pp.

Brutsaert, W., 1987, Evaporation into the Atmosphere:
Theory, History and Application, D. Reidel Publishing Co.,
Boston, Mass., 299 pp.

Bungey, J. H., 1990, “Measurement of Quality,” Protec-
tion of Concrete, Proceedings of the International Confer-
ence, Dundee, Scotland, R. K. Dhir and J. W. Green, eds,,
E&FN Spon, London, pp. 833-845.

Bungey, J. H., 1992, “Near to Surface Strength Testing,”
Concrete, Sept.-Oct., pp. 34-36.

Cabrera, J. G.; Gowriplan, N.; and Wainwright, P. J,
1989, “An Assessment of Concrete Curing Efficiency using
Gas Permeability, Magazine of Concrete Research, V. 41,
No. 149, Dec., pp 193-198.

Cabrera, J. G., and Lynsdaale, C. J,, 1988, “A New Gas
Permeameter for Measuring the Permeability of Mortar and
Concrete,” Magazine of Concrete Research, V. 40, No. 144,
Sept., pp. 177-182.

Carino, N. J,, 1991, “The Maturity Method,” CRC Handbook
on Nondestructive Testing of Concrete, V. M. Mahotraand N.
J. Carino, ed., CRC Press, Boca Raton, Fla,, pp. 101-146.

Carrier, R. E., 1983, “Concrete Curing Tests,” Concrete
International, V. 5, No. 4, Apr., pp. 23-26.

Cather, R., 1992, “How to Get Better Curing,” Concrete,
The Journal of the Concrete Society, London, V. 26., No. 5,
Sept.-Oct., pp. 22-25.

Cather, R., 1994, “Curing: the True Story?’ Magazine of
Concrete Research, V. 46. No. 168, Sept., pp. 157-161.

Concrete Society, 1988, “Permesability of Concrete—A
Review of Testing and Experience,” Technical Report 31,
London, 95 pp.

Cook, R. A, 1992, “A Generdized Form of the PowersMod-
el of Cement Microstructure and its Evaluation via Mercury
Porosimetry,” PhD dissertation, Cornell University, Ithaca,
N.Y.

Copeland, L. E., and, Bragg, R. H., 1955, “Self-Desicca
tion in Portland Cement Pastes,” ASTM Bulletin No. 204,
Feb., 34 pp.

Copeland, L. E.; Kantro, D. L.; and Verbeck, G., 1960,
“Chemistry of Hydration of Portland Cement,” Proceedings
of the Fourth International Symposium on the Chemistry of
Cement, Washington, D.C.

ACI COMMITTEE REPORT

Cordon, W. A., and Thorpe, J. D., 1965, “ Control of Rapid
Drying of Fresh Concrete by Evaporation Control,” ACI
JOURNAL, Proceedings V. 62, No. 8, Aug., pp. 977-985.

Dalton, J., 1802, “Experimental Essays on Evaporation,”
Proceedings, V. 5, Manchester Literary and Philosophical
Saciety, pp. 536-602.

DeSouza, S. J.; Hooton, R. D.; and Bickley, J. A., 1997,
“Evaluation of Laboratory Drying Procedures Relevant to
Field Conditions for Concrete Sorptivity Measurements,”
Cement Concreteand Aggregates, V. 19, No. 2, Dec., pp. 59-63.

DeSouza, S. J.; Hooton, R. D.; and Bickley, J. A, 1998, “A
Field Test for Evaluating High Performance Concrete Cover-
crete Quality,” Canadian Journal of Civil Engineering, V. 25,
No. 3, June, pp. 551-556.

Dhir, R. K.; Hewlett, P. C.; Byars, E. A.; and Shaaban, |. G.,
1995, “A New Technique for Measuring the Air Permeability
of Near-Surface Concrete,” Magazine of Concrete Research,
V. 47, No. 171, June, pp. 167-176.

Dhir, R. K.; Hewlett, P. C.; and Chan, Y. N., 1986, “Near
Surface Characteristics and Durability of Concrete: An Initial
Appraisal,” Magazine of Concrete Research, V. 38, pp. 54-56.

Dhir, R. K.; Hewlett, P. C.; and Chan, Y. N., 1987, “Near
Surface Characteristics and Durability of Concrete: Assess-
ment and Development of In Situ Test Methods,” Magazine
of Concrete Research, V. 39, No. 141, Dec., pp. 183-195.

Dhir, R.K.; Hewlett, P. C.; and Chan, Y. N., 1989, “Near
Surface Characteristics and Durability of Concrete: Intrinsic
Permeability,” Magazine of Concrete Research, V. 41, No.
148, Sept., pp. 87-97.

Dhir, R. K.; Hewlett, P. C.; and Chan, Y. N., 1989, “Near
Surface Characteristics and Durability of Concrete: Predic-
tion of Carbonation,” Magazine of Concrete Research, V. 41,
No. 148, Sept., pp. 137-144.

Dhir, R. K.; Hewlett, P. C.; and Chan, Y. N., 1991, “Near
Surface Characteristics of Concrete: Abrasion Resistance,”
Materials and Structures/Matériaux et Constructions, V. 24,
Mar., pp. 122-128.

Dhir, R. K.; Levitt, M.; and Wang, J., 1989, “Membrane
Curing of Concrete: Water Vapour Permeability of Curing
Membranes,” Magazine of Concrete Research, V. 41, Dec.,
pp. 221-229.

Dinku, A., and Reinhardt, H. W., 1997, “ Gas Permeability
Coefficient of Cover Concrete as a Performance Control,”
Materials and Sructures, V. 30, Sept., pp. 387-393.

Dodson, V. H., 1994, “Time of Setting, Significance of
Tests and Properties of Concrete and Concrete-Making Ma-
terials,” ASTM STP 169C, P. Klieger and J. Lamond, eds.,
ASTM, West Conshohocken, Pa., pp. 77-87.

Eglington, M., 1998, “ Resistance of Concreteto Destructive
Agencies,” Lea’'s Chemistry of Cement and Concrete, 4th Edi-
tion, P. C. Hewlett, ed., Arnold Press, London, pp. 299-340.

Falconi, M. 1., 1996, “An Investigation of the Scaling Re-
sistance and Other Properties of Slag-Cement Concrete,”
Master’ s thesis, Cornell University, Ithaca, N.Y.

Figg, J. W., 1973, “Methods of Measuring the Air and Water
Permeability of Concrete,” Magazine of Concrete Research,
V. 25, No. 85, Dec., pp. 213-219.



GUIDE TO CURING CONCRETE

Gowriplan, N.; Cabrera, J. G.; Cusens, A. R.; and Wainwright,
P. J, 1990, “Effect of Curing on Durability,” Concrete Inter-
national, V. 12, No. 2, Feb., pp. 47-54.

Greening, N. R., and Landgren, R., 1966, “ Surface Discol-
oration of Concrete Flatwork,” Journal of the PCA Research
and Development Laboratory, V. 8, No. 3, Sept., pp. 34-50.

Grube, H., and Lawrence, C. D., 1984, “Permeability of
Concrete to Oxygen,” Proceedings, RILEM Seminar on the
Durability of Concrete under Normal Outdoor Exposure,
Hanover University, Mar., pp. 68-79.

Hanson, J. A., 1968, “Effects of Curing and Drying Envi-
ronments on the Splitting Tensile Strength of Concrete,”
PCA Development Bulletin D141.

Heinz, D., and Ludwig, U., 1987, “Mechanism of Secondary
Ettringite Formation in Mortars and Concretes Subjected to
Heat Treatment,” Concrete Durability: Katharine and Bryant
Mather International Conference, SP-100, J. Scanlon, ed,,
American Concrete Institute, Farmington Hills, Mich.,
pp. 2059-2071.

Hong, C. Z., and Parrott, L., 1989, Air Permeability of
Cover Concrete and the Effect of Curing, British Cement
Association, Wexham Springs, Slough, England, Oct.

Hooton, R. D.; Mesic, T.; and Beal, D. L., 1993, “ Sorptivity
Testing of Concrete asan Indicator of Concrete Durability and
Curing Efficiency,” Proceedings, Third Canadian Sympo-
sium on Cement and Concrete, Ottawa, Aug.

Hover, K. C., 1992, “Evaporation of Surface Moisture: A
Problem in Concrete Technology and Human Physiology,”
Concrete in Hot Climates: Proceedings of the Third Interna-
tional RILEM Conference on Concretein Hot Climates, M. J.
Walker, ed., E&FN Spon, London, pp. 13-24.

Hover, K. C., 1984, “The Influence of Moisture on the
Physical Properties of Hardened Concrete and Mortar,” PhD
dissertation, Cornell University, Ithaca, N.Y ., Aug.

Idso, S., 1968, Analysis of Environment-Plant Relationships,
St Paul Agricultural Experiment Station, Minn.

Idso, S. B.; Jackson, R. D.; Ehrler, W. L.; and Mitchell, S. T,
19609, “ A Method for Determination of Infrared Emittance of
Leaves,” Ecology, V. 50, May, pp. 899-902.

Jalota, S. K., and Prihar, S. S., 1998, Reducing Soil Water
Evaporation with Tillage and Sraw Mulching, lowa State
University Press, Ames, lowa, 142 pp.

Kelham, S., 1996, “The Effect of Cement Composition
and Fineness on Expansion Associated with Delayed
Ettringite Formation,” Cement and Concrete Composites,
V. 18, June, pp. 171-179.

Klieger, P., 1956, “Curing Requirements for Scale Resis-
tance of Concrete,” Bulletin No. 150, Highway Research
Board, Jan.

Kohler, M. A.; Nordenson, T. J,; and Fox, W. E., 1955,
“Evaporation from Pans and Lakes,” Research Paper No. 38,
U.S. Department of Commerce, Washington, D.C., May.

Kollek, J. J., 1989, “The Determination of the Permeability
of Concrete to Oxygen by the Cembureau Method—a Rec-
ommendation,” Materials and Sructures, V. 22, No. 129,
pp. 225-230.

Kosmatka, S. H., 1994, “Bleeding,” Significance of Tests
and Properties of Concrete and Concrete-Making Materials,

308R-29

ASTM STP 169C, P. Klieger and J. Lamond, eds., ASTM,
West Conshohocken, Pa., pp. 88-111.

Kosmatka, S. H., and Panarese, W. C., 1988, Design &
Control of Concrete Mixtures, Portland Cement Association,
Skokie ., 13th Edition.

Krauss, P. D., and Rogalla, E. A., 1996, “Transverse
Cracking in Newly Constructed Bridge Decks,” NCHRP Re-
port 380, National Cooperative Highway Research Program,
Transportation Research Board, National Academy Press,
Washington, D.C., 126 pp.

Lerch, W., 1957, “Plastic Shrinkage,” ACl JOURNAL, Pro-
ceedings V. 53, Feb., pp. 797-802.

Liu, T. C., 1994, “Abrasion Resistance,” Sgnificance of
Tests and Properties of Concrete and Concrete-Making
Materials, ASTM STP 169C, P. Klieger and J. Lamond,
eds., ASTM, West Conshohocken, Pa., pp. 182-191.

Long, A. E., and Murray, A. M., 1984, “The Pull-Off Par-
tially Destructive Test for Concrete,” In-Stu/Nondestructive
Testing of Concrete, SP-82, V. M. Malhotra, ed., American
Concrete Ingtitute, Farmington Hills, Mich., pp. 327-350.

Mather, B., 1984, Discussion on a paper by Z. Berhane,
“Evaporation of Water from Fresh Mortar and Concrete at
Different Environmental Conditions,” ACl JOURNAL, Pro-
ceedings V. 81, No. 6, Nov.-Dec., pp. 930-933.

Mather, B., 1987, “Curing of Concrete,” Lewis H. Tuthill
International Symposium on Concrete and Concrete Con-
struction, SP-104, G. T. Halvorsen, ed., American Concrete
Institute, Farmington Hills, Mich., pp. 145-159.

Mather, B., 1990, “Curing Compounds,” Concrete Inter-
national, V. 12, No. 2, Feb., pp. 40-41.

McCarter, W. J., 1995, “ Properties of Concretein the Cover
Zone: Developments in Monitoring Techniques,” Magazine
of Concrete Research, V. 47, No. 172, pp. 243-251.

McCarter, W. J.; Ezirim, H.; and Emerson, M., 1996,
“Propertiesof Concretein the Cover Zone: Water Penetration,
Sorptivity and lonic Ingress,” Magazine of Concrete Research,
V. 48, No. 176, pp. 149-156.

Meeks, K. W., and Carino, N. J., 1999, Curing of High Per-
formance Concrete: Report of the Sate-of-the-Art, NISTR
6295, Nationa Ingtitute of Standardsand Technology, Building
and Fire Research Laboratory, Gaithersburg, Md., Mar., 191 pp.

Menzel, C. A., 1954, “Causes and Prevention of Crack
Development in Plastic Concrete,” Proceedings, Portland
Cement Association Annual Meeting, pp. 130-136.

Mills, R. H., 1966, “Factors Influencing the Cessation of
Hydration in Water Cured Pastes,” Symposium on Sructure
of Portland Cement Paste and Concrete, HRB SR 90, High-
way Research Board, Washington, pp. 406-424.

Mindess, S, and Young, J. F., 1981, Concrete, Prentice
Hall, Englewood Cliffs, N.J., 671 pp.

Minnesota Department of Transportation, 1998, “ Standard
Specifications for Road and Bridge Construction,” Extreme
Service Membrane Curing Compound, St. Paul, Minn.

Montgomery, F. R.; Basheer, P. A. M.; and Long, A. E.,
1992, “Influence of Curing Conditions on the Durability
Related Properties of Near Surface Concrete and Cement
Mortars,” Durability of Concrete: G. M. Idorn International



308R-30

Symposium, SP-131, J. Holm and M. Geiker, eds., American
Concrete Institute, Farmington Hills, Mich., pp. 127-138.

Murdock, L. J.; Brook, K. M.; and Dewar, J. D., 1991, Con-
crete Materials and Practice, 6th Edition, Edward Arnold
Press, London, 470 pp.

National Ready Mixed Concrete Association, 1960, “Plastic
Cracking of Concrete,” Engineering Information, NRMCA,
Silver Spring, Md., duly, 2 pp.

Neville, A. M., 1996, Properties of Concrete, 4th Edition,
Wiley, 844 pp.

Neville, A. M., and Brooks, J. J., 1987, Concrete Technolo-
gy, Longman Scientific & Technica Press, Harlow, England,
438 pp.

Nolan, E.; Ali, M. A.; Basheer, P. A.M.; and Marsh, B. K.,
1997, “Testing the Effectiveness of Commonly-Used Site
Curing Regimes,” Materialsand Sructures, V. 30, Jan.-Feb.,
pp. 53-60.

Parrott, L. J., 1995, “Influence of Cement Type and Curing
on the Drying and Air Permeability of Cover Concrete,”
Magazine of Concrete Research, V. 47, No. 171, pp. 103-111.

Parrott, L. J., and Killoh, D. C., 1984, Proceedings of the
British Ceramic Society, No. 35, pp. 41-53.

Parrott, L. J.; Killoh, D. C.; and Patel, R. G., 1986, “Ce-
ment Hydration under Partially Saturated Conditions,” Pro-
ceedings, 8th Congress on Chemistry of Cement, Rio de
Janeiro, V. 3, pp. 46-50.

Petd, R. G.; Killoh, D. C.; Parrott, L. J.; and Gutteridge, W.
A., 1988, “Influence of Curing at Different Relative Humidities
upon Compound Reactions and Porosity in Portland Cement
Paste,” Materialsand Sructures, V. 21, May, pp. 192-197.

Patel, R. G.; Parrott, L. J.; Martin, J. A.; and Killoh, D. C.,
1985, “Gradientsin Microstructure and Diffusion Properties
in Cement Paste Caused by Drying,” Cement and Concrete
Research, V. 15, No. 2, pp. 343-356.

Persson, B., 1997, “ Self-Desiccation and its Importancein
Concrete Technology,” Materials and Sructures, V. 30,
June, pp. 293-305.

Pfeifer D., and Marusin, S., 1982, “Energy Efficient Ac-
celerated Curing of Concrete: A State of the Art Review,”
Prestressed Concrete Institute Technical Report No. 1, Chi-
cago, .

Pierce, J. S, 1994, “Mixing and Curing Water for Concrete,”
Sgnificance of Tests and Properties of Concrete and Concrete-
Making Materials, STP 169C, P. Klieger and J. Lamond, eds.,
ASTM, West Conshohocken, Pa., pp. 473-477.

Pihlgjavaara, S. E, 1964, “On the Interrelation of the
Moisture Content and the Strength of Mature Concrete and
its Reversibility,” Report Series I, State Institute for Tech-
nical Research, Finland, Building 76.

Pihlgavaara, S. E., 1965, “Estimation of the Drying of
Concrete,” Proceedings, RILEM Symposium on the Prob-
lem of Moisturein Buildings, Helsinki, Finland, Aug.

Portland Cement Association, 1955, “Prevention of Plas-
tic Cracking in Concrete,” Concrete Information, ST 80,
Structural Bureau, Skokie, 111.

Powers, T. C.; Copeland, L. E.; and Mann, H. M., 1959,
“Capillary Continuity or Discontinuity in Cement Pastes,”

ACI COMMITTEE REPORT

Journal of the Portland Cement Association Research and
Development Laboratories, V. 1, No. 2, May, pp. 38-48.

Powers, T. C., 1948, “A Discussion of Cement Hydration
in Relation to the Curing of Concrete,” Proceedings, High-
way Research Board, V. 27, pp. 178-188.

Powers, T. C., and Brownyard, T. L., 1947, “ Studies of the
Physical Properties of Hardened Portland Cement Paste,”
Research Laboratories of the Portland Cement Association,
Bulletin 22, Mar., 992 pp.

Powers, T. C., 1962, “ Prevention of Frost Damageto Green
Concrete,” Bulletin No. 14, RILEM, Mar., pp. 120-124.

Price, W. F., and Bamforth, P. B., 1991, “Initia Surface
Absorption of Concrete: Examination of Modified Test Ap-
paratus for Obtaining Uniaxia Flow,” Magazine of Concrete
Research, V. 43, No. 155, June, pp. 93-104.

RILEM Recommendations CPC-18, 1998, “M easurement
of Hardened Concrete Carbonation Depth,” Materials and
Structures, V. 21, No. 126, pp. 453-455.

Sabir, B. B.; Wild, S.; and O'Farrell, M., 1998, “A Water
Sorptivity Test for Mortar and Concrete,” Materials and
Structures, V. 31, Oct., pp. 568-574.

Sawyer, J. L., 1957, “Wear Test on Concrete Using the
German Standard Method of Test Machine,” Proceedings,
ASTM, V. 57, uly, pp. 1145-1153.

Sedgwick County, Kansas, 1998, “Special Provision, Lin-
seed Oil Emulsion Treatment,” Standard Specifications for
Road and Bridge Construction.

Senbetta, E., 1988, “Concrete Curing Practicesin the United
States,” ConcreteInternational, V. 10, No. 11, Nov., pp. 64-67.

Senbetta, E., and Brury, M. A., 1991, “Control of Plagtic
Shrinkage Cracking in Cold Weather,” Concrete International,
V. 13, No. 3, Mar., pp. 49-53.

Senbetta, E., and Scholer, C. F., 1984, “A New Approach
for Testing Concrete Curing Efficiency,” ACI JOURNAL,
Proceedings V. 81, No. 1, Jan.-Feb., pp. 82-86.

Shadles, C. A., 1986, Plagtic Shrinkage Cracking in Mortar and
Concrete, Magter’ sthesis, Corndl University, Ithaca, N.Y ., Aug.

Shades, C. A., and Hover, K. C., 1988, “The Influence of
Construction Operations on the Plastic Shrinkage Cracking of
Thin Sabs,” ACI Materials Journal, V. 85, No. 6, Nov.-Dec.,
pp. 495-504.

Shariat, S. M. S,, and Pant, P. D., 1984, “Curing and
Moisture L oss of Grooved Concrete Surfaces,” Transporta-
tion Research Record No. 986, pp. 4-8.

Soroos, E., 1994, “ Scanning Electron Microscope |mages,”
JSM 135 SEM, School of Materials Science and Engineering,
Cornell University, Ithaca, N.Y ., May.

Spears, R.E., 1983, “ The 80% Sol ution to I nadequate Curing
Problems,” Concretelnternational, V. 5, No. 4, Apr., pp. 15-18.

Suprenant, B., and Malisch, W., 1998, “Diagnosing
Slab Delaminations (Part I1),” Concrete Construction,
Feb., pp. 169-175.

Suprenant, B., and Malisch, W., 1998, “Diagnosing Slab
Delaminations (Part I11),” Concrete Construction, Mar.,
pp. 169-175.

Suprenant, B., and Malisch, W., 1998, “Where Should
You Place the Vapor Retarder?’ Concrete Construction,
May, pp. 427-433.



GUIDE TO CURING CONCRETE

Suprenant, B., and Malisch, W., 1998, “Are Your Slabs
Dry Enough for Floor Coverings?’ Concrete Construction,
Aug., pp. 671-677.

Suprenant, B., and Malisch, W., 1998, “The True Window
of Finishability,” Concrete Construction, Oct., pp. 859-863.

Suprenant, B., and Malisch, W., 1999, “Effect of Water
Vapor Emissions on Floor Covering Adhesives,” Concrete
Construction, Jan., pp. 27-32.

Suprenant, B., and Malisch, W., 1999, “Why Won't the
Concrete Dry?’ Concrete Construction, July, pp. 29-33.

Tang, L., and Nilson, L. O., 1986, “Effect of Drying at an
Early Age on Moisture Distributionsin Concrete Specimens
Used for Air Permeability Tests,” Nordic Concrete Research
Establishment Report, Watford, UK, 19 pp.

Taylor, H. F. W., 1997, Cement Chemistry, 2nd Edition,
Thomas Telford, London, 459 pp.

Transportation Research Board, 1979, “ Curing of Concrete
Pavements,” Transportation Research Circular, No. 208,
June, ISSN 0097-8515, Transportation Research Board,
Washington, D.C., 13 pp.

Tuthill, L. H., and Cordon, W. A., 1955, “ Propertiesand Uses
of Initially Retarded Concrete,” ACI JOURNAL, Proceedings
V. 52, pp. 273-286.

U.S. Army Corps of Engineers, 1975, “Method of Test for
the Staining Properties of Water,” CRD C 401, Handbook
for Concrete and Cement, Vicksburg, Miss.

Uno, P. J., 1998, “ Plastic Shrinkage Cracking and Evapo-
ration Formulas,” ACI Materials Journal, V. 95, No. 4,
July-Aug., pp. 365-375.

308R-31

Van Aardt, J. H. P., 1953, “Discussion to F. E. Jones on
The Physical Structure of Cement Products and its Effect on
Durability,” Proceedings of the Third International Sympo-
sium on the Chemistry of Cement, London, pp. 433.

Veihmeyer, F. J., 1964, “Evapotranspiration,” Hand-
book of Applied Hydrology, V. T. Chow, ed., McGraw Hill,
pp. 11-1 to 11-38.

Virginia Department of Transportation, 1997, “ Specifica
tions for Highway and Bridge Construction.”

Wainwright, P. J.; Cabrera, J. G.; and Gowriplan, N.,
1990, “Assessment of the Efficiency of Chemical Mem-
branes to Cure Concrete, Protection of Concrete,” Pro-
ceedings of the International Conference, Dundee,
Scotland, R. K. Dhir and J. W. Green, eds., E&FN Spon,
London, pp. 907-920.

Wojokowski, J., 1999, Report to ACI Committee 308 on Ef-
fect of Plastic Covering on Variationsin Concrete Qurface Tem-
perature, Kansas Department of Trangportation, Topeka, Nov. 1.

Ytterberg, R., 1987, “ Shrinkage and Curling of Slabs on
Grade (Part 1),” Concrete International, V. 9, No 4., Apr.,
pp. 22-31.

Ytterberg, R., 1987, “ Shrinkage and Curling of Slabs on
Grade (Part 11),” Concrete International, V. 9, No 5., May,
pp. 54-61.

Ytterberg, R., 1987, “Shrinkage and Curling of Slabs on
Grade (Part 111),” Concrete International, V. 9, No 6., June,
pp. 72-81.



	MAIN MENU
	CONTENTS 
	1— Introduction, p. 308R-2
	2— Curing methods and materials, p. 308R- 12
	3—Curing for different types of construction, p. 308R- 19
	4—Monitoring curing and curing effectiveness, p. 308R- 22
	5—References, p. 308R-26

	1—INTRODUCTION 
	1.1— Introduction
	1.2—Definition of curing
	1.3—Curing and the hydration of portland cement
	1.3.1
	1.3.2
	1.3.3

	1.4— When deliberate curing procedures are required
	1.4.1
	1.4.2
	1.4.2.1
	1.4.2.2
	1.4.2.2.1
	1.4.2.2.2
	1.4.2.2.3
	1.4.2.2.4
	1.4.2.2.5

	1.4.2.3

	1.4.3
	1.4.4
	1.4.5

	1.5—The curing-affected zone
	1.6—Concrete properties influenced by curing

	2 —CURING METHODS AND MATERIALS 
	2.1— Scope
	2.2—Use of water for curing concrete
	2.3—Initial curing methods
	2.3.1
	2.3.2

	2.4—Final curing measures
	2.4.1
	2.4.1.1
	2.4.1.2
	2.4.1.3
	2.4.1.4
	2.4.1.5

	2.4.2
	2.4.2.1
	2.4.2.2
	2.4.2.3
	2.4.2.4


	2.5—Termination of curing measures
	2.6—Cold-weather protection and curing
	2.6.1
	2.6.2
	2.6.3
	2.6.4

	2.7—Hot-weather protection and curing 2.8—Accelerated curing
	2.9—Minimum curing requirements
	2.9.1
	2.9.2

	Table 2.1—Recommended minimum duration of

	3—CURING FOR DIFFERENT TYPES OF CONSTRUCTION
	3.1—Pavements and other slabs on ground
	3.1.1
	3.1.2
	3.1.3

	3.2—Buildings, bridges, and other structures
	3.2.1
	3.2.2
	3.2.3

	3.3—Mass concrete
	3.3.1
	3.3.2
	3.3.3

	3.4—Curing colored concrete floors and slabs
	Table 3.1—Curing for specialty concrete
	3.5—Other constructions

	4—MONITORING CURING AND CURING EFFECTIVENESS 
	4.1— General
	4.2—Evaluating the environmental conditions in which the concrete is placed
	4.2.1
	4.2.1.1
	4.2.1.2
	4.2.1.3


	4.3—Means to verify the application of curing
	4.4—Quantitative measures of the impact of curing procedures on the immediate environment
	4.5—Quantitative measures of the impact of curing procedures on moisture and temperature
	4.6—Maturity method
	4.7—Measuring physical properties of concrete affected by temperature and moisture control to assess curing effectiveness
	Table 4.1—Concrete characteristics in the curing-affected zone

	5—REFERENCES 
	5.1— Referenced standards and reports
	5.2—Cited references


