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CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

Portland-cement concrete, including mixtures with
supplementary cementitious materials, does not typically
develop its durability, strength, and mechanical characteris-
tics without adequate curing. This report on internally cured
concrete (ICC) does not presume to change the require-
ment for water retention at the curing-affected zone on the
concrete surface. The curing methods listed in ACI 308R-01
should be consulted for appropriate methods to prevent or
mitigate moisture loss from the concrete surface.

Test trial batches should be used during initial mixture
proportioning to determine and verify those concrete prop-
erties required for each project.

Internally cured concrete uses prewetted absorptive mate-
rials that contain moisture. The absorbed moisture is released
as the internal humidity of the concrete drops below 100
percent to enhance and maximize the hydration of cement.

High-performance concrete typically has a low w/cm that
may not supply enough water to hydrate all of the cement.
Due to the reduction in permeability of high-performance
concrete, even in the first 2 to 3 days, exterior water curing
is limited in its ability to supply in-depth hydration to the
cement as the products of hydration fill in and disconnect
the capillary pore network (Powers et al. 1959). In this case,
the beneficial effect of external water curing is limited to the
concrete surface. As a result, external water cannot penetrate
the interior of the concrete to maintain a saturated capillary
pore system thereby avoiding self-desiccation. One solution
is to replace a portion of the normalweight aggregate with
absorbent materials to desorb water to the hydrating cement.
The principal improvements of supplying internal water are
the maintenance of a saturated cement paste, which leads to
greater hydration of the cement and more complete pozzo-
lanic reactions.

Characteristics of high-performance concrete that may be
improved by increased hydration from internally absorbed
moisture include resistance to early-age cracking; higher
strength; decreased permeability; decreased warping; dimen-
sional stability; resistance to freezing-and-thawing damage,
deicing chemicals, and chemical attacks; and creep.

In the past 50 years, portland cement has become finer with
higher contents of tricalcium silicate and alkalis (Bentz et al.
2008). These changes have led to generally faster hydrating

cements that produce much of their strength in only a few
days. Concretes made with these cements, however, can be
more prone to early-age cracking due to their increased heat
of hydration and significantly increased autogenous strains
and stresses that can develop when self-desiccation occurs.

1.2—Scope

Internally cured concrete uses absorptive materials in
the mixture that supplement the standard curing practices
by supplying moisture to the interior of the concrete (ACI
308R-01). This process adds moisture without affecting
the w/cm. The moisture is desorbed for internal moisture
augmentation at the time needed to further hydrate the
cement. This water addition can be achieved using several
materials (Jensen and Lura 2006; Kovler and Jensen 2007),
including prewetted lightweight aggregate, super-absorbent
particles, wood fibers, and absorbent limestone aggregate.
This report will focus primarily on the use of prewetted
lightweight aggregate.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

C: = cement factor (content) for concrete mixture, lb/yd®
(kg/m?3)

CS = chemical shrinkage of cement (mass of water/mass
of cement)

Muwa = mass of (dry) lightweight aggregate needed per unit
volume of concrete, lb/yd® (kg/md)

S = degree of saturation of aggregate (0 to 1, measured
absorption percentage divided by the absorption
percentage at which desorption was measured)

wic/c = the ratio of the water supplied by internal curing to
the cement in the concrete mixture on a mass basis

amax = Maximum expected degree of hydration of cement
(0to 1); for ordinary portland cement, the maximum
expected degree of hydration of cement can be
assumed to be 1 for w/cm > 0.36 and the value of
(w/cm) divided by 0.36 for w/cm < 0.36

duwa = desorption of lightweight aggregate from a
prewetted condition down to 93 percent relative
humidity (mass water/mass dry lightweight aggre-
gate) in accordance with ASTM C1498-04

2.2—Definitions

ACI provides a comprehensive list of definitions through
an online resource, “ACIl Concrete Terminology,” http://
terminology.concrete.org. The definition provided here
complements that source.

prewetted—uwetting of the aggregate so that it contains
the prescribed water content available for cement hydration.

CHAPTER 3—PROCESS

3.1—General
Concrete with a water-cementitious materials ratio (w/cm)

below 0.42 does not contain enough hatcD@C U ments
hydrate all of the cement (Nevill¢ 200€; In We‘?ﬂtgﬁaring Hub
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w/cm of 0.42 or less, the depercolation of the capillary pores
by the products of hydration (Powers et al. 1959) severely
limits the amount of external water that can reach unhy-
drated cement particles. External surface curing has limited
effectiveness after a few days beyond the cure affected
zone, which is the outer 0.2 to 0.3 in. (4 to 8 mm) at the
surface (Table 3.1). For this reason, it can be beneficial to
have internal water sources distributed through the concrete
to supply additional moisture for more complete hydration.

3.2—Justification

Because cement hydration is affected by both temperature
and the presence of moisture, it is beneficial to provide the
conditions for its optimization. Traditionally, external curing
has been effectively used for conventional concrete to defer
drying of the concrete surface to prevent the loss of internal
water and promote the continued hydration of the cementi-
tious binder. With growing emphasis on durability and the
advent of high-performance concrete to achieve it, an effort
has been made to minimize the transport of deleterious
species such as chloride ions and sulfates from the environ-
ment into the concrete (Hoff 2003). This is accomplished by
modification of concrete mixture proportions, including a
lower w/cm, chemical admixtures, and adding supplementary
cementitious materials to the concrete. Lowering the w/cm
and supplementary cementitious materials, however, presents
new challenges to conventional curing; a low w/cm results
in less water availability for hydration, leading to increased
autogenous shrinkage. Whereas supplementary cementitious
materials generally require moist curing for periods longer
than a typical 7-day moist cure, such as 14 days for bridge
decks. Even with higher w/cm and the use of supplementary
cementitious materials, internally cured concrete (ICC), due
to increased hydration, is advantageous for its tendency to
reduce drying shrinkage and resulting cracking tendencies.

The use of prewetting lightweight coarse aggregate (PLCA)
as a substitute for a portion of the natural coarse aggregate of
the same size, or the use of prewetted lightweight fine aggre-
gate (PLFA) as a substitute for some of the natural sand in a
concrete mixture can benefit the hydration process in high-
performance concrete by supplying moisture needed for
reducing autogenous shrinkage and additional hydration.

3.3—Water movement

Reasonable estimates based on balancing the water demand
for hydration with the water available from prewetted light-
weight aggregate (PLA) distributed uniformly throughout
the concrete show the various distances that water will be
expected to travel at different ages (Table 3.1) (Bentz et al.
2007). The 1- to 3-day estimates are in good agreement with
X-ray absorption analyses of mortars during curing (Bentz
2002). Penetration depths of the drying fronts of 0.8 in. (20
mm) were observed for specimens immediately exposed
to a drying environment, whereas a penetration depth of
approximately 0.16 in. (4 mm) was observed for specimens
first cured under saturated conditions for 1 or 3 days (Bentz
2002). Penetration depths of several inches during the first
few days of sealed curing, as predicted for 1 to 3 days, were

Table 3.1—Distance of water travel from surfaces
of internal reservoirs (Bentz et al. 2007)

Estimated travel distance for
Hydration age, days water, in. (mm)
Less than 1 0.8 (20)
1to3 0.2 (5)
3to7 0.04 (1)
More than 28 0.01 (0.25)

reported by Zhutovsky et al. (2004) based on a combined
experimental and analytical evaluation.

3.4—Autogenous shrinkage and self-desiccation
Lower-w/cm concrete suffers from autogenous shrinkage at
early ages, though it generally has reduced drying shrinkage
at a later age. Autogenous shrinkage is mainly caused by the
chemical shrinkage accompanying the cement hydration and
the self-desiccation that may occur after setting. As cement
hydrates, the hydration products occupy less volume than
the reacting materials, producing a net chemical shrinkage
that increases proportionally with degree of hydration.
After setting, this chemical shrinkage will result in self-
desiccation in low-w/cm concrete, as vapor-filled pores will
be formed within the microstructure unless curing water is
available to maintain their saturation. Thus, self-desiccation
may be overcome by satisfying the chemical shrinkage
demand of the cement with additional moisture supplied by
PLA. Because capillary stresses are inversely proportional to
the diameter of the pores being emptied (Bentz et al. 2007),
individual pores in the PLA should be much larger than the
typical sizes of the capillary pores, by micrometers, in the
hydrating cement paste. They should also be well connected.
If there is insufficient batch water available at any time, and
if external curing water cannot reach the unhydrated parti-
cles of cement, the needed moisture source to keep the rela-
tive humidity high could come from absorbed moisture in the
aggregate. The optimum source is from a well-dispersed system
of strong, small PLA replacing a percentage of the normal-
weight aggregates. This system is beneficial to the hydration
of field concrete, much like a well-dispersed system of struc-
tured entrained air bubbles is beneficial to protecting concrete
in freezing-and-thawing conditions (Bentz and Snyder 1999).

3.5—Mechanism of internal curing

During cement hydration, the system of capillary pores
within the three-dimensional paste microstructure is refined.
The radii of these pores are generally smaller than the pores
in the lightweight aggregate. As the internal relative humidity
decreases from self-desiccation, a moisture gradient and
subsequent capillary pressures develop. With the light-
weight aggregate acting as a water reservoir, pores of the
cement paste absorb the water via capillary suction (Kovler
and Jensen 2007). Capillary forces within the cement paste
are large enough to transport water from the prewetted light-
weight aggregate (PLA) to the hydrating cement paste, where
further hydration can occur (Weber ggd Reinhardt 2003).
The remaining unhydrated cement paﬁﬂwm S
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