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This paper focuses on testing performed on mixtures that would be consistent with the mortar portion of a
concrete bridge deck mixture for many state departments of transportation. In this work a relatively large
percentage of cement (40%, 60%, or 80% by volume) is replaced with Class C fly ash. To overcome concerns
associated with slow set and early-age strength development that are often expressed with the high vol-
ume fly ash mixtures (HVFA), the water-to-cementitious materials ratio (w/cm) by mass has been reduced
from a conventional value of 0.42 to 0.30. To overcome potential complications that the low w/cm may
cause in terms of self-desiccation, internal curing (IC) with prewetted lightweight aggregate was used
to reduce shrinkage and increase hydration. By adopting this approach (lowering the w/c and using IC)
IC HVFA mixtures show additional benefits that should permit their broader application.

� 2012 Elsevier Ltd. All rights reserved.
1. Background

Fly ash has historically been used in concrete transportation
structures [1–5]. While one can consider fly ash as either an addi-
tion or as a cement replacement, it is truly the replacement of ce-
ment with fly ash that enables the fly ash to be considered as an
efficient means to reduce the clinker content in the concrete. By
reducing the clinker content per cubic yard, the CO2 generated in
preparing the concrete can be reduced [6–10]. In addition, the use
of fly ash has the potential benefits of reduced mixture cost, re-
duced embodied energy, and improved long-term concrete perfor-
mance [11–16]. This is the reason why many producers and
transportation agencies are aiming to use higher volumes of fly
ash as a replacement for cement in their transportation structures.
However, many hurdles exist to implementing this type of mixture.
The hurdles include (1) potential incompatibilities among fly ash,
admixtures, and cement; (2) strict limits on the maximum fly ash
permitted and the time of the year that it can be used; (3) delays
in set time [17] and strength development that slow construction
operations; (4) concern about providing enough and proper curing;
and (5) long-term durability concerning scaling and freeze/thaw is-
sues [18,19]. For instance, a typical class C concrete bridge in the
state of Indiana requires 390 kg/m3 of cementitious material, of
which no more than 20% of cement by mass may be replaced by
fly ash. Further, the Indiana Department of Transportation (INDOT)
ll rights reserved.

a).
specification limits fly ash to be used in the concrete mixture be-
tween April 1 and October 15 of the same calendar year [20].

The general approach used in this paper for developing High
Volume Fly Ash (HVFA) concrete is using a lower water-to-
cementitious materials ratio (w/cm) to offset the expected slower
strength development. This is also in agreement with recent
tendencies of developing stronger and more durable concretes
through the use of lower w/cm, corresponding to High Performance
Concretes (HPCs). However, these beneficial properties also come
with a drawback, as HPCs have been shown to be more sensitive
to early-age cracking [21,22]. This early-age cracking may be due
to increased temperature rise shortly after placement due to the
high cement contents that are typically used, increased plastic
shrinkage cracking due to reduced bleeding rates, and increased
autogenous shrinkage [23]. While plastic shrinkage and thermal
volume changes have been recognized in concrete construction
over the last several decades and methodologies have been devel-
oped to deal with these effects, autogenous shrinkage is a problem
that has gained attention more recently [24–27], because of the in-
creased use of concrete in practice that contains water-reducing
admixtures, enabling concretes to be made with lower w/cm.

Autogenous shrinkage is a deformation not caused by external
influences (i.e., moisture transfer or temperature changes). Rather,
autogenous shrinkage can be thought of as an ‘internal drying’
caused by the hydration reactions and their accompanying chemi-
cal shrinkage. Chemical shrinkage occurs when cement reacts with
water as the reacted products occupy a smaller volume than the
initial constituents [28,29]. In fluid systems (e.g., prior to set), this
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chemical shrinkage does not cause much concern and the entire
system collapses on itself resulting in an externally measured vol-
ume change that is equal to the chemical shrinkage. However, after
the concrete begins to harden, the structure of the cementitious
matrix does not enable the externally measured volume change
to be equal to the volume of chemical shrinkage [30]. As a result,
vapor filled spaces are created within the matrix and stress begins
to develop in the hardening paste [31]. This is commonly referred
to as self-desiccation (i.e., internal drying). This ‘internal drying’
can be mitigated through the use of additional water during exter-
nal curing. However, this technique has its limitations when low w/
cm concretes are used, since depercolation of the capillary pores
can happen at early ages, which limits movement of water to the
core of the concrete. It has been proposed by several researchers
[31–37] that an improved method for delivering ‘curing water’ to
low w/cm concrete would be to place ‘packets or inclusions’ of
water throughout the matrix rather than just placing the water
at the surface. This is illustrated conceptually in Fig. 1.

2. Research approach

This study will evaluate a potential strategy for using high vol-
umes of fly ash to replace cement. The work will seek to minimize
potential reductions in early strength development that can occur
with fly ash by using a lower w/cm. While a lower w/cm would be
beneficial in terms of improved mechanical and transport proper-
ties, it has been shown that these mixtures may be more suscepti-
ble to early-age cracking. These mixtures will be internally cured to
reduce self-desiccation which will reduce autogenous shrinkage
and cracking potential while enabling more of the fly ash to react.

3. Proportioning mixtures for internal curing

Internal curing is achieved by using a prewetted fine light-
weight aggregate (LWA) to provide the internal curing water. To
proportion the internally cured mixtures a methodology is used
that is based on a procedure developed by Bentz and Snyder
[33], in which the amount of LWA is calculated based on the chem-
ical shrinkage occurring in the sample. Eq. (1) permits the calcula-
tion of the amount of LWA based on this theory. It is interesting to
note that fly ash will also contribute to the chemical shrinkage;
therefore the equation must be based on the binder content, chem-
ical shrinkage of the binder, and degree of reaction of the binder,
respectively [38].
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Fig. 1. Conceptual illustration of the differences between external and internal
curing.
MLWA ¼
Cf � CS� amax

S� /LWA
ð1Þ

where MLWA (kg/m3) is the mass of LWA (in a dry state) that needs
to be pre-wetted to provide water to fill in the voids created by
chemical shrinkage, Cf (kg/m3) is the binder content of the mixture,
CS (mL of water per g of binder) is the chemical shrinkage of the
binder, amax (unitless) is the expected maximum degree of hydra-
tion (0 to 1), S (unitless) is the expected degree of saturation of
the LWA and was taken to be 1 in this study when the dry LWA
was soaked for 24 h, and /LWA (kg of water/kg of dry LWA) is the
absorption capacity of the LWA (taken here as the 24 h absorption
value). It has been stated that it may be more appropriate to use
desorption of the LWA down to some relative humidity (e.g., 94%
RH) rather than its absorption [39]. Studies have described the mea-
surement of this desorption and it is typically 90–95% of the 24 h
absorption for many aggregates used in the United States, including
the one used in this paper [40,41].

The use of HVFA concrete mixtures including IC may potentially
be utilized to reduce shrinkage and shrinkage cracking [26]. Fur-
thermore, the use of IC may provide a method to increase early-
age strength gain and may enable the mixture to react for a longer
time since water can be supplied to the concrete over a longer time
period. For example, INDOT specifications recommend that fly ash
mixtures be cured for longer durations. If we consider that IC can
provide water over a longer period of time, it also provides a ben-
efit in this sense.
4. Materials and mixture proportions

An ordinary Portland cement (OPC), ASTM C150-09 Type I/II,
was used in this study, with a Blaine fineness of 476 m2/kg, a
density of 3170 kg/m3, an estimated Bogue potential phase
composition of 52% C3S, 18% C2S, 8% C3A, and 9% C4AF by mass,
and a Na2O equivalent of 0.5% by mass. A Class C fly ash (ASTM
C618-08a) was also used with a density of 2630 kg/m3. Chemical
analyses of both cement and fly ash are summarized in Table 1.
The particle size distributions (PSDs) of the cement and fly ash
are shown in Fig. 2, each measured with laser diffraction.

The fine aggregate used was ordinary river sand with a fineness
modulus of 2.71 and an apparent specific gravity of 2.58. Rotary
kiln expanded shale (i.e., a lightweight fine aggregate) was used
with a fineness modulus of 3.97 and a specific gravity (dry) of
1.38. The lightweight aggregate (LWA) was measured to have a
24 h water absorption of 17.5% by dry mass, when this material
was tested using the paper towel technique [40,42]. A polycarbox-
ylate-based high-range water-reducing admixture (HRWRA) was
added at variable dosage by mass of cement in order to maintain
the same (mini) slump of 13 mm (0.5 in.) in all mortars. The
dimensions of the mini-slump cone are the following: top diameter
of 19 mm (0.75 in.); bottom diameter of 38 mm (1.5 in.); and
height of 57 mm (2.25 in.) [43]. These dimensions are in the same
Table 1
Chemical composition of the cement and fly ash used in this study.

Cement fly Ash
Type/class I/II C

Silicon dioxide (SiO2), % 19.97 38.71
Aluminum oxide (Al2O3), % 4.81 19.15
Iron oxide (Fe2O3), % 2.89 6.49
Calcium oxide (CaO), % 63.27 23.51
Magnesium oxide (MgO), % 1.54 5.29
Sulfur trioxide (SO3), % 3.27 1.36
Potassium oxide (K2O), % 0.38 0.58
Sodium oxide (Na2O), % 0.28 1.64
Loss on ignition, % 2.88 0.30
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proportions as the slump cone of ASTM C143. It is interesting to
note that the amount of HRWRA was reduced as the fly ash content
was increased (Table 2), likely due to the dilution in the cement
content [17] and to the spherical shape of the fly ash particles com-
pared to the angular shape of the cement particles. This effect may
also provide a further decrease in the cost of these mixtures
depending on the local availability of the materials.

A matrix of mortar mixtures was developed in which four w/cm
levels and four fly ash replacement levels were evaluated. This ma-
trix is shown in Table 2 (numbers in parentheses represent the
HRWRA dosages by mass of binder for each mortar). Mortar with
a w/cm of 0.42 and no fly ash represents a typical bridge deck con-
crete in the state of Indiana and is therefore taken as a reference.
Not all the fly ash replacement levels were used in all mortars since
fly ash enhances workability, and more prone-to-segregation spec-
imens are thus obtained at higher w/cm. Fly ash replacement is
made on a volume basis. While many current practices replace ce-
ment with fly ash on a mass basis, due to significant differences in
their specific gravities this alters the total volume of paste in the
concrete, having an effect on various concrete properties (e.g.,
strength, shrinkage, durability, workability). By using a volume
replacement, the total paste volume in the concrete is maintained
as constant and this is the reason why this approach was chosen.

In two of the fly ash mortars, corresponding to w/cm of 0.30 and
fly ash contents of 40% and 60% by volume (bold values), a portion
of the regular fine aggregate was replaced with prewetted LWA. It
is important to note that the volume of aggregate (LWA and sand)
remains constant at 55%, since only a portion of the sand was re-
placed with an equal volume of LWA. The replacement level for
the LWA mixtures corresponds to the amount of LWA necessary
to supply sufficient IC water to eliminate self-desiccation according
to Eq. (1), with CS = 0.064 mL water/g binder and amax = 0.83. The
volume of mortar occupied by the LWA corresponds to 14.9% and
14.5% for the 40% and 60% fly ash mortars, respectively.

The mortars were prepared in accordance with ASTM C305-11.
The LWA was oven dried, air cooled, and then submerged in water
Table 2
List of mortar mixtures prepared in the study. The proportions are shown primarily as
a volumetric replacement; the mass replacement has also been added in square
brackets parentheses along the top row (HRWRA dosages as mass percent of binder
solids shown in parentheses).

w/c or w/cm Fly ash volume (%)

0[0] 20[17.2] 40[35.7] 60[55.5] 80[76.9]

0.45 X(0%) – – – –
0.42 X(0%) X(0%) – – –
0.36 X(0.3%) X(0.1%) X(0%) – –
0.3 X(0.5%) X(0.35%) X(0.2%) X(0.1%) X(0%)
for 24 h ± 1 h prior to mixing. The LWA was submerged in the total
volume of water that included the mixing water needed for cement
hydration and the water that would be absorbed by the LWA itself
in 24 h. The excess water (water not absorbed into the LWA during
24 h) was then decanted and used as the mixing water for that par-
ticular mortar.
5. Experimental results

5.1. Mechanical properties

Three 102 mm diameter � 204 mm tall [4 in. � 8 in.] cylindrical
specimens were prepared in accordance with ASTM C192/C192M-
07 for each mortar mixture. At each age, three specimens were
used to assess compressive strength (ASTM C39-10) and two spec-
imens were used to measure the elastic modulus (ASTM C469-02)
prior to strength testing. Following demolding at 1 d, all specimens
were sealed in plastic bags and stored in an environmental cham-
ber at 23 �C ± 0.5 �C [73.4 �F ± 0.9 �F]. The cylinders were tested at
several ages: (1, 3, 7, 14, 28, 91, and 365 d).

The results obtained can be observed in Fig. 3. As expected, as
the w/cm is decreased, higher compressive strengths are achieved.

Under sealed conditions without IC and regardless of the w/cm,
their self-desiccation will ultimately produce about the same vol-
ume fractions of empty porosity, although the empty pores will
likely be larger in the higher w/cm mortar. While all of the cement
in the w/cm of 0.42 sealed system should theoretically be able to
hydrate, there would be a small fraction of unhydrated cement
remaining in the sealed systems with w/cm of 0.36 and 0.30 due
to water limitations (13% and 27%, respectively, according to Pow-
ers’ Model [44]).

If fly ash is added without changing the w/cm, a slower strength
development is typically observed. Fig. 4 shows the results. It is
important to note that the reference mixture is the mortar with
w/cm of 0.42. Mortar containing 40% fly ash has similar 1 d
strength, and 60% fly ash mortar has similar 14 d strength, with
strength increasing further at later ages in both cases. At 28 d,
the concretes with 40% and 60% fly ash replacements have
strengths that exceed that of the reference mixture by 52% and
17%, respectively, with similar improvements observed at 91 d
and 365 d. Mortar containing 80% fly ash has equivalent strength
at approximately 190 d; while it exceeds the strength of the refer-
ence mortar at 365 d by 11%.

IC through the use of prewetted LWA was also investigated
using two of the mortars, and the results can be observed in
Fig. 5. Under sealed curing conditions, IC enhances the 1 d strength
by 13% and 61% in the 40% and 60% fly ash mortars, respectively.
Both internally cured 40% and 60% fly ash mortars exceed the
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Fig. 3. Effect of decreasing w/cm on the compressive strength (Error bars represent
the standard deviation from the average of three samples).
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Fig. 4. Effect of adding high volumes of fly ash on the compressive strength (error
bars represent the standard deviation from the average of three samples).
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Fig. 5. Effect of including IC in HVFA mixtures on the compressive strength (error
bars represent the standard deviation from the average of three samples).
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reference strength (w/c of 0.42) by 54% and 32% at 28 d, and by 55%
and 49% at 365 d, respectively. Isothermal calorimetry will be used
later in this paper to indicate that these improvements in strength
are most likely attributed to a higher degree of hydration reached
in IC specimens. It should be noted that the HRWRA dosage was
the same in the corresponding non-IC and IC mortars.

However, both IC and non-IC fly ash mortars are less stiff (i.e.,
lower modulus of elasticity) than the corresponding low w/c plain
mortar (without fly ash) at early ages (Fig. 6). Considering this ef-
fect and the slower hydration occurring at early ages, more stress
relaxation in restrained conditions should be expected. These
property differences should produce a reduction in early-age
cracking [45,46].
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Fig. 6. Effect of including IC in HVFA mixtures on the elastic modulus (error bars
represent the standard deviation from the average of two samples).
5.2. Shrinkage performance

As previously mentioned, a major concern when low w/cm mix-
tures are used is autogenous deformation and cracking that can oc-
cur at early ages. Linear autogenous shrinkage measurements were
performed according to ASTM C1698-09. Each mortar was encap-
sulated in thin, corrugated polyethylene molds, with a length-
diameter ratio of approximately 420 mm:25 mm [16.5 in.:1 in.].
The mortar was cast into the molds and vibrated. The specimens
were then sealed at the ends to prevent moisture loss and placed
over supports provided with spring loaded LVDT’s at each end to
continuously record the displacement into a data logger every
5 min during two weeks while maintained at a temperature of
23 �C ± 0.5 �C [73.4 �F ± 0.9 �F]. Fig. 7 shows the measured autoge-
nous shrinkage in six mortar mixtures.

As expected, lower total autogenous shrinkage is initially ob-
served in HVFA mortars compared with the non-fly ash mortar
with w/cm of 0.30, which is explained by the fact that fly ash sam-
ples contain a lower amount of cement, so that the initial reaction
rate and water consumption is lower. However, at later ages, the
rate of shrinkage is higher in fly ash mortars (i.e., the slope of the
autogenous shrinkage response). This is important to note as this
can lead to more shrinkage than a conventional concrete (e.g., be-
tween 1 week and a month) which can make this concrete more
susceptible to cracking. IC further reduces autogenous shrinkage
in fly ash samples, keeping them above ‘zero’ net shrinkage at
14 d, indicating that the samples exhibited a slight net expansion
during this period of time.

The difference in shrinkage behavior can also be explained by
the size of the pores that are being emptied during hydration.
The size of the emptied pores is related to the internal relative
humidity (RH) measured in the samples. Lower RH’s indicate smal-
ler pore sizes being emptied and higher autogenous deformations,
since more ‘‘self-desiccation’’ (i.e. internal drying) is occurring in
the samples.

RH was measured using Rotronic HygrClip2S1 sensors (±0.8% RH
at 23 �C ± 0.1 �C [73.4 �F ± 0.2 �F]). Probes were mounted in a
75 mm � 68 mm [2.95 in. � 2.7 in.] stainless steel cylinder that
was placed over a water jacketed sample cup holder. The water jack-
et was connected with a programmable water bath; however, for
1 Certain commercial products are identified in this paper to specify the materials
used and procedures employed. In no case does such identification imply endorse-
ment or recommendation by the National Institute of Standards and Technology,
Purdue University or Catholic University of Chile, nor does it indicate that the
products are necessarily the best available for the purpose.
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this study the samples were maintained at a constant temperature
(23.0 �C ± 0.1 �C [73.4 �F ± 0.2 �F]). The 10 g samples were placed in
12 mm [0.47 in.] deep cups with a 43 mm [1.7 in.] diameter. The
sensor was compared with reference salts (potassium sulfate, potas-
sium chloride, and sodium chloride) to provide a point of calibration.
Data were recorded at 5 min intervals. Fig. 8 shows typical relative
humidity measurements over the mortars used in this study. The lower
w/cm mixtures have smaller size pores emptied by self-desiccation
and as such they produce a lower internal RH. It is interesting to note
that as fly ash replacement level is increased, RH also increases. This
is due in part to the water demand, as there is less cement reacting
and partially due to the pore size distribution. IC supplies water from
the much larger pores within the LWA to fill in the water being lost
from the pores so that the smaller pores remain filled and the
relative humidity is higher. Therefore, a reduction in shrinkage
deformations is expected, occurring at the same time that the
stresses develop in restrained samples.

As mentioned above, fly ash starts reacting at later times and
consequently less autogenous shrinkage is observed at early ages.
Chemical shrinkage (CS) was measured during the first 7 d of reac-
tion to estimate the rate of reaction and to better understand the
values for CS that should be used in Eq. (1). Three of the mortar sam-
ples were used for assessing the chemical shrinkage according to a
modified version of the ASTM C1608-07 in which the height of the
water in the capillary tube was recorded continuously using a pres-
sure sensor [47]. Fig. 9 shows that there is less chemical shrinkage
at early ages in the samples containing fly ash when the chemical
shrinkage is normalized by the mass of binder; however this will
be a greater value if normalized by the mass of cement. This is
important and shows why Eq. (1) should be modified to be designed
based on binder and not only Portland cement.

Mortar rings were prepared in accordance with ASTM C1581-04,
using steel rings instrumented with four strain gages each. Three
mortar specimens were prepared for each mixture. A data acquisi-
tion system was set up so that shrinkage deformation data was col-
lected every 5 min from 30 min after casting the specimens. They
were kept in their molds for 24 h in an environmental chamber at
23 �C ± 0.5 �C [73.4 �F ± 0.9 �F]. After 24 h, the specimens were de-
molded, sealed with aluminum foil to minimize evaporation, and
placed again back in the environmental chamber. By doing this,
the effect of internal curing water in the sample could be better ob-
served. Further shrinkage measurements were taken up to 28 d.

Again, a lower shrinkage rate is observed in HVFA mortars at
early ages, if compared to a plain mortar with w/c of 0.30 and no
fly ash. This is translated into lower stresses developed in the sam-
ples during the first days of curing (Fig. 10). However, as chemical
reaction and chemical shrinkage develop more slowly and to a
higher extent, specimens with fly ash are more likely to crack at
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Fig. 8. Measured internal relative humidity of an aging mortar (error bars represent
the standard deviation from the average of two samples).
later ages. For example, in this study, the w/cm = 0.30, 40% fly
ash mortar without IC cracked after 18 d, while the w/cm = 0.30
no fly ash mortar did not crack during the 28 d evaluation period.
The 40% fly ash IC mortar exhibited a stress development quite
similar to that of the original w/cm = 0.42 mortar without fly ash
throughout the 28 d measurement.
5.3. Semi-adiabatic temperature rise

Early-age cracking due to the thermal effects can be common in
high performance concrete due to its low w/cm and high paste vol-
ume. To demonstrate another potential benefit of using higher vol-
umes of fly ash in concrete, a simple test, similar to semi-adiabatic
calorimeter, was employed. This test consisted of placing a mortar
cylinder (15.25 cm � 17.8 cm [6 in. � 7 in.]) inside an insulated
chamber made from a high refractory ceramic insulation material
(Zircar Microsil1), creating a quasi(semi)-adiabatic chamber with a
very low thermal coefficient. The temperature history of the mortars
was measured over 4 d in the insulated chamber as shown in Fig. 11.

The maximum heat developed by the 40% fly ash mortar pro-
duces a temperature that is approximately the same as the plain
mortar with a w/cm of 0.42 (being only 3.4% higher). A lower tem-
perature rise was observed in the 60% fly ash mortar (20% lower
compared to the reference mortar). While these observations have
been made by others using supplementary cementitious materials,
this shows a clear indication that the lower w/cm does not result in
substantially greater heat rise when fly ash is used. IC does not
appreciably change the temperature profile for either the 40% or
the 60% fly ash mortars.
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5.4. Influence of fly ash on the hydration rate and strength
development

HVFA mixtures are often characterized by their slower rate of
early-age reaction and strength development. This can be exam-
ined using isothermal calorimetry. Approximately 15 g of an exter-
nally mixed mortar were weighed and placed in a glass ampoule,
which was then capped and placed into the isothermal calorimeter
about 10 min after cement was mixed with water. Fig. 12 shows
the results obtained in the mortars being studied in this research
over the course of 14 d.

The results were normalized by mL of initial water (i.e., initial
porosity). By doing this, and assuming that the volume of created
hydration products is proportional to the heat generated, one can
potentially relate the space-filling capabilities of the hydration
products with strength [48]. A slower heat development is observed
with increasing fly ash replacement level as the fly ash is less reac-
tive than the cement, though the fly ash can provide additional
space between the cement particles and can act as a nucleating
agent which both increase the hydration rate of the cement. After
14 d, the rate of heat evolved in the 40% fly ash IC mixture is higher
than that in the plain mortars, indicating more reaction taking place
in the fly ash systems. This increased rate of reaction can help ex-
plain the increased autogenous shrinkage rate, increased chemical
shrinkage rate, and increased strength at intermediate ages.

It is interesting that if one plots the cumulative heat release ver-
sus strength development (Fig. 13), all of the mixtures prepared in
this study follow a single line (R2 = 0.972). This correlation
between early age cumulative heat release and strength has been
observed in other systems as well [49–51]. Fig. 13 can be a power-
ful tool for using isothermal calorimetry to estimate strength at
early ages in these mortar mixtures.
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Fig. 12. Cumulative heat released (Isothermal) curves vs. time on a per milliliter of
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The use of IC results in a slight increase in the heat developed at
early ages (24 h) due to increased cement reaction [52–54] how-
ever it does not appreciably alter the rate of reaction as shown
in Fig. 14. Though not used in this work, powder additions
such as rapid set cement, calcium hydroxide, fine limestone, or
aluminates or the addition of a conventional chemical admixture
(e.g., non-chloride accelerator) could be strategies to mitigate
these early-age deficiencies, if they exist, (retardation and the
accompanying set time delays) in HVFA mixtures [51,55,56].

6. Conclusions

A matrix of several HVFA mortars was prepared for use in this
study. The mixtures all had a similar fresh workability perfor-
mance as defined in terms of slump. Numerous tests were per-
formed to evaluate the properties of these mortars including:
compressive strength, modulus of elasticity, free and restrained
shrinkage, measurement of internal relative humidity, isothermal
calorimetry, and semi-adiabatic temperature rise. The w/cm was
reduced to compensate for slow strength development with high
volumes of fly ash. Internal curing was used to counteract the
drawbacks of using low w/cm concretes in terms of shrinkage
cracking, while providing additional water to support the fly ash
reactions. Several conclusions can be drawn from this study:

(1) HVFA mixtures with w/cm of 0.30 have higher strength at
later ages (28 d, 91 d, and 365 d) compared to the reference
mortar. In particular, the 40% fly ash mortar had an equiva-
lent 1 d strength if compared to a mortar with w/cm of 0.42
(reference mixture in this study), whereas the 60% fly ash
mortar had equivalent strength at 14 d.
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(2) IC enhances the 1 d strength by 13% and 61% in the 40% and
60% fly ash mortars, cured under sealed conditions, respec-
tively. The effect of IC at later ages is more evident; it results
in a higher strength achieved if compared to the reference w/
c = 0.42 mortar (55% and 49% higher at 365 d in internally
cured 40% and 60% fly ash mortars, respectively).

(3) A lower modulus of elasticity is obtained when either fly ash,
IC, or a combination of both are included in the mixture. IC
addition reduces the elastic modulus by an average of 7%
and 11% in 40% and 60% fly ash mortars, respectively.

(4) The slower hydration reaction in the fly ash mixtures results
in less initial autogenous shrinkage deformations at early
ages. However, the rate of autogenous shrinkage remains
high in the fly ash mixtures at later ages. This increases their
potential for cracking at later ages. The use of IC can be a
beneficial method to reduce stress development caused by
restrained shrinkage. The reduction in shrinkage observed
is mainly due to a higher internal RH maintained in these
systems.

(5) IC does not significantly offset the retardation or slow
strength observed when high fly ash volumes are used.
Other means to accelerate the hydration process may be
available [51,55,56].

(6) Lowering the w/cm increases the potential of heat genera-
tion and thermal cracking; however the addition of high vol-
umes of fly ash has shown benefits in this regard.

(7) Although IC does not alter the initial rate of the hydration
reaction during the first hours (where other means of miti-
gating the retardation effect observed in HVFA mixtures
should be used), the importance of properly calculating the
amount of LWA needed in internally-cured concrete mix-
tures is exemplified in Fig. 14, where different amounts of
LWA were used producing a difference in the degree of
hydration achieved in each system at later ages (i.e. 7 d).

A detailed economic analysis was not performed, since econom-
ics are strongly influenced by local costs and availability of materi-
als. However, replacement of cement with fly ash should produce a
cost reduction that, in the vast majority of cases, will outweigh the
increased cost of using LWA. When a life cycle analysis is consid-
ered and/or if carbon trading is considered, the HVFA mixtures
should have even more benefits.
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