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Abstract The pozzolanic reaction of fly ash in

hardened cement-based paste internally activated by

a natural injection of saturated Ca(OH)2 solution from

the age of 1 monthwas investigated. This investigation

was conducted with the aim of comprehensively

evaluating the long-term effectiveness of this tech-

nique. The Ca(OH)2 content, degree of the fly-ash

reaction, and pore structure were measured using

thermal gravimetric analysis, selective dissolution, and

mercury intrusion porosimetry, respectively. The

Ca(OH)2 consumption was calculated from the

Ca(OH)2 content in the pastes with 0 and 40%

replacements of cement by fly ash. The cement

hydration and pozzolanic reactions of fly ash in the

pastes proceeded gradually up to 12 months, but were

negligible from 12 to 24 months regardless of whether

solution was injected. An injection of alkali solution

increased both the Ca(OH)2 consumption and the

degree of the fly-ash reaction after aging for

12 months. The relationship between the Ca(OH)2
consumption and degree of the fly-ash reaction indi-

cated that the injection of alkali solution activated the

surface of the fly-ash particles at early ages, whereas

the injection of water did not activate these particles

but accelerated the cement hydration, which promoted

the pozzolanic reaction. The refinement of the pore

structure in the pastes confirmed the effectiveness of

the solution injection. Consequently, the injection of

saturated Ca(OH)2 solution from the age of 1 month

directly activated fly-ash particles and accelerated the

long-term pozzolanic reaction (i.e., up to 24 months)

in hardened cement paste with 40% replacement by fly

ash, although it was not effective in further enhancing

the pozzolanic reaction from 12 to 24 months.

Keywords Internal alkali activation � Ca(OH)2
content � Degree of fly-ash reaction � Pore structure �
Selective dissolution

1 Introduction

The use of fly ash as a partial replacement for Portland

cement in cement concrete has been increasing,
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particularly with the aim of developing sustainable

concrete technologies [1]. In addition to reducing the

significant carbon dioxide emissions from cement

production and lowering construction costs [1–4], fly-

ash utilization improves the mechanical properties and

durability of concrete, especially at later ages [3, 5–7];

however, the low reactivity and extremely slow

reaction rate of fly ash at ambient temperature usually

leads to a low strength and slow rate of strength

development of cement concrete at early ages [3, 8].

Several methods have been suggested to overcome

these drawbacks, including alkali activation, high-

temperature curing, a reduction of the water-to-

cementitious materials ratio (w/cm), internal water

curing, and internal alkali activation [1, 8–17]. Alkali

activation on fly ash particles is a chemical procedure

in which fly ash is mixed directly with certain alkali

activators (alkali solutions), and the mixture is cured at

higher-than-ambient temperatures (usually

40–100 �C) to accelerate the strength development

[10, 11]. Nevertheless, high-temperature curing is

partially limited in terms of practical application [11].

A reduction of w/cm significantly increases the

compressive strength but results in early-age cracking

of cement pastes containing fly ash [11, 12]. Internal

curing using reservoirs, via pre-wetted lightweight

aggregate, super-absorbent polymers, and roof-tile

waste aggregate is therefore recommended to reduce

autogenous shrinkage and cracking at early ages and to

improve the mechanical properties of fly-ash concrete

with a low w/cm [12–15].

Bui et al. [16] suggested the use of internal alkali

activation (IAA) based on a combined method of

alkali activation and internal curing: IAA was carried

out at 20 �C by the natural injection of alkali solution

[e.g., NaOH or saturated Ca(OH)2 solution] into

cement-based pastes with 0 and 40% replacements

by fly ash from the age of 1 month. To inject the alkali

solution, the tip of a syringe needle was inserted into

the center of 40-mm cubic paste specimens as an

original model for IAA. A similar system was used for

the injection of water as an original model for internal

water curing (IWC). The measurement of Ca(OH)2
content, calculation of consumption of Ca(OH)2, and

an analysis of the pore structure were carried out

shortly after injection. Compared to the case when no

solution is injected, IAA using saturated Ca(OH)2
solution from the age of 1 month reduced the Ca(OH)2
content at the tip of the needle but increased the

Ca(OH)2 content at other depths in the cement-based

paste containing fly ash at just 1 month after injection.

The effect of IWC on the reduction of Ca(OH)2
content at the tip of the needle was not shown clearly.

The pore structures at the age of 2 months also

confirmed the effectiveness of IAA from the age of

1 month [16]. Meanwhile, IAA from the age of

1 month limited the production of Ca(OH)2 in the

cement paste containing no fly ash at 2 months. This

may occur because it is difficult for the cement paste to

release Ca ions to the outside because of the high alkali

concentration of pore solution supplied from IAA

[16].

IAA from the age of 3 months has been also

investigated to limit the negative effect of IAA from

the age of 1 month on the production of Ca(OH)2 from

the cement hydration in pastes at an early age. It was

concluded that IAA from the age of 3 months was

more effective in accelerating the pozzolanic reaction

of fly ash (up to 12 months) in hardened cement-based

paste than IWC from the age of 3 months [17].

Generally, previous studies found IAA from the age

of 1 month to be effective for accelerating the

pozzolanic reaction of fly ash by reducing the

Ca(OH)2 content and total pore volume, for increasing

the consumption of Ca(OH)2, and for changing of the

pore size distributions in cement-based pastes at an

age of 2 months. Similar benefits are found at the age

of 12 months in the case of IAA from the age of

3 months. However, the degree of the fly-ash reaction

in internally alkali-activated cement-based paste con-

taining fly ash has not been investigated. The long-

term (i.e., more than 12 months) effect of IAA from

the age of 1 month on the pozzolanic reaction of fly

ash in cement-based paste has also not been discussed.

The present study focused on a comprehensive

evaluation of the effect of IAA on the long-term

pozzolanic reaction of fly ash (i.e., up to 24 months) in

hardened cement-based paste that was internally

activated by the natural injection of saturated Ca(OH)2
solution from the age of 1 month. This injection was

carried out through an attached syringe needle that is

considered to be an original model of IAA by using

reservoirs on fly-ash concrete. The Ca(OH)2 content,

consumption of Ca(OH)2, degree of the fly-ash

reaction, and the pore structure of the specimen were

considered. The correlations between the degree of the

fly-ash reaction and consumption of Ca(OH)2 by the

pozzolanic reaction were also established.
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2 Experimental

2.1 Materials

High-early-strength Portland cement (Taiheiyo

Cement Corp., Tokyo, Japan) conforming to the

Japanese Industrial Standard JIS R 5210 (Portland

cement) was used as the main cementitious material to

ensure strength, especially at early ages. Low-calcium

fly ash (Chugoku Electric Power Co., Inc., Hiroshima,

Japan) conforming to JIS A 6201 (fly ash for use in

concrete) was also used as a cementitious material to

promote its utilization in developing sustainable

concrete. The mineralogical compositions of the fly

ash, as identified by X-ray diffraction analysis (D2

Phaser, Bruker, AXS K.K., Germany), were a-quartz
(SiO2), mullite (3Al2O3�2SiO2), hematite (Fe2O3), and

magnesioferrite (Fe2MgO4), as seen in Fig. 1. The

densities and Blaine specific surface areas of the

cement and fly ash were 3.14 and 2.21 g/cm3, and

4590 and 3290 cm2/g, respectively. Their chemical

compositions are listed in Table 1.

2.2 Mixture proportion

Paste specimens were prepared with a low w/cm of

0.30, for which internal curing would be beneficial

[12]. Low-calcium fly ash was used to replace portions

of the Portland cement at mass proportions of 0%

(Fa0) and 40% (Fa40).

The temperatures of the materials, mixer, and mold

were maintained at 20 �C during the mixing process.

The pastes were mixed in a mechanical mixer and cast

in 40-mm-per-side cube-shaped molds. Similar to the

experimental method of previous studies [16, 17], a

needle with an internal diameter of 0.395 mm was

inserted into the center of the specimen. The surfaces

were then sealed with aluminum adhesive tape to

prevent water loss and carbonation. All specimens

were demolded for 24 h after casting and cured under

sealed conditions at 20 �C.

2.3 Method of internal alkali activation

Saturated Ca(OH)2 solution as an alkali activator was

supplied in the specimen from the age of 1 month

through a needle from an attached 1-mL syringe,

labeled as IAA-Ca(OH)2 and considered to represent a

model of IAA (see Fig. 2). Reference and IWC

specimens, fabricated with no solution injection and

with water injection, respectively, were similarly

prepared. Table 2 lists the cumulative volume of

solution that flowed into the specimens with time,

which enabled a comparison with the volume of

solution released from the reservoirs into the concrete

with time. These volumes (cumulative amounts of

water from the initial injection to the designated

measuring time) varied depending on the individual

differences in the microstructures of the different

specimens. It means that the volume of solution

flowing into each specimen increased with time.

However, each value shown in Table 2 was the

cumulative volume of solution flowing into each

individual specimen at each age of measuring. There-

fore, the increase in the volume with time was not

observed in Table 2. For example, Fa40 specimens

consumed less solution at 12 months than others at

6 months, while Fa0 specimens consumed less solu-

tion at 24 months than others at 12 months. This may

be attributed to different microstructures at the point of

the syringe needle in these specimens, which may

have partially hindered water from flowing into these

specimens. Refer to the supplementary file as ‘‘Online

Resource’’ for a clear explanation why the cumulative

volume of solution flowing into each specimen

decreased with time at some data points as shown in

Table 2.

It could be expected that alkali and water from the

IAA model would naturally flow into the permeable

paste specimen, while only water from the IWCmodel

would seep into that specimen. Water plays a role in

internal curing because it is needed for the hydration of

cementitious materials. Alkali from saturated

Ca(OH)2 solution acts as an alkali activator, corroding

the chemically stable glassy surface of fly ash andFig. 1 XRD data of low-calcium fly ash
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dissociating the Si–O–Si and Si–O–Al links, enabling

the main components of fly ash [i.e., Si and Al ions] to

leach and react with alkali activator to form reaction

products [18, 19]. This is known as the pozzolanic

reaction of fly ash.

2.4 Test procedures

At each designated age, the Ca(OH)2 content, degree

of the fly-ash reaction, and pore structure of each

specimen for each case (n = 1) [i.e., Reference, IWC,

and IAA-Ca(OH)2] were examined.

2.4.1 Ca(OH)2 content

The Ca(OH)2 content in various specimens was

measured using a simultaneous differential thermal

analysis and thermal gravimetric apparatus (DTG-

60H, Shimadzu Corporation, Japan) after aging for 2,

4, 6, 12, and 24 months. A 4-mm section of each

sample was drilled out and collected as powder with a

particle size smaller than 150 lm, as shown in Fig. 3.

All samples were soaked in ethanol for 24 h to avoid

any further hydration and were subsequently dried in a

vacuum desiccator for 24 h before thermal gravimet-

ric analysis. The Ca(OH)2 content in each specimen

was calculated from the mass of the sample after

ignition and the mass loss attributed to dehydration of

the Ca(OH)2. This mass loss was determined from a

differential thermogravimetry (DTG) plot between the

initial and final temperatures of the corresponding

DTG peaks [20].

2.4.2 Degree of fly-ash reaction

A hydrated sample for testing the degree of the fly-ash

reaction was taken from a mixture of samples drilled

out from the tip of the needle at a depth of 0–16 mm.

The sample was soaked in ethanol for 24 h to avoid

any further hydration and dried in a vacuum desiccator

for 24 h before determining the degree of the fly-ash

reaction. This was determined based on a selective

dissolution method using 2 M HCl and 5% Na2CO3

aqueous solution [21, 22] and was calculated using

Eq. (1):

a ¼ 1�
x 1� I

0
g

� �
=k2

1� Ig
� �

k1
; ð1Þ

where a is the reaction ratio; x is the extracted residue

of the hydrated fly ash in a 1-g hydrated sample

Fig. 2 Cubic paste specimens: reference without solution

injection, IWC with water injection, and IAA-Ca(OH)2 with

injection of saturated Ca(OH)2 solution from age of 1 month

Table 2 Cumulative volume of solution flowing into speci-

mens with time (mL)

Age (months) Fa0 Fa40

Water Ca(OH)2 Water Ca(OH)2

2 0.10 0.10 0.05 0.05

4 0.26 0.26 0.05 0.05

6 0.38 0.40 0.35 0.36

12 0.57 0.65 0.20 0.31

24 0.55 0.27 0.10 0.41

Ca(OH)2: saturated Ca(OH)2 solution

Table 1 Chemical compositions of materials (mass%)

Compositions SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O K2O LOI

Cement 20.30 2.71 4.96 65.49 1.21 2.98 0.22 0.35 1.19

Fly ash 57.7 5.43 27.54 1.26 1.06 0.36 0.44 0.76 2.8
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(fraction); x 1� I0g

� �
=k2 is the amount (ignited base)

of unreacted fly ash in a 1-g hydrated sample;

1� Ig
� �

k1 is the total amount (ignited base) of reacted

and unreacted fly ash in a 1-g hydrated sample; Ig and

I0g are the losses on ignition of the hydrated sample and

extracted residue, respectively (fraction); and k2 and

k1 are the residues extracted from a 1-g fly ash

(fraction) and the original fraction of fly ash in the

ignited base, respectively.

2.4.3 Pore structure

The pore structures of the test specimens were

assessed using mercury intrusion porosimetry (MIP).

Samples forMIP testing were obtained by crushing the

hardened paste cubes within a range of approximately

10 mm from the tip of the syringe needle and selecting

material in a size range of 2.5–5.0 mm. Samples were

soaked in ethanol for 24 h to avoid any further

hydration and were dried in a vacuum desiccator for

24 h before MIP measurements. The mercury intru-

sion porosimeter (POREMASTER 60, Quantachrome

Instrument, Florida, USA) was operated at a maximum

pressure of 4.14 9 108 N/m2. Individual measure-

ments (n = 1) of pore structures in the pastes were

performed over a diameter range of 0.003–10 lm after

aging for 2, 4, 6, 12, and 24 months.

3 Results and discussion

3.1 Variation in Ca(OH)2 content with time

3.1.1 Within a depth of 0–4 mm from the tip

of the needle inserted in specimens

The Ca(OH)2 contents in hardened cement-based

pastes within a depth of 0–4 mm from the tip of the

needle for all cases [Reference, IWC, and IAA-

Ca(OH)2] with time are given in Fig. 4 to express the

effect of IAA-Ca(OH)2 on the cement hydration and

pozzolanic reaction of fly ash with time. It is noted

here that the results for the Ca(OH)2 content at

Fig. 3 Location of samples taken for measuring Ca(OH)2 content using simultaneous differential thermal analysis and thermal

gravimetric apparatus

Fig. 4 Ca(OH)2 content with time in hardened cement-based

pastes within a depth of 0–4 mm from the tip of the needle

inserted in the centers of the Fa0 and Fa40 specimens for all

cases [Reference, IWC, and IAA-Ca(OH)2]

Materials and Structures (2018) 51:144 Page 5 of 14 144



2 months were reported in a previous study [16].

Generally, cement pastes containing fly ash have much

lower Ca(OH)2 content than those without fly ash

[20, 23, 24]. The lower Ca(OH)2 content shown in

Fig. 4 is attributed to the partial replacement of

cement by low-calcium fly ash.

The Ca(OH)2 content within this depth of the Fa0

specimen increased with time, regardless of whether

solution was injected, from 15.12% at 1 month to

17.77–18.77% at 12 months and 18.21–19.11% at

24 months. It was evident that cement hydration

proceeded continuously with time despite using a

high-early-strength Portland cement. Cement hydra-

tion occurred continuously from 12 to 24 months. For

the Fa40 specimens, the Ca(OH)2 content within this

depth decreased with time, from 7.69% at the age of

1 month to 3.26–3.57% at 12 months and 4.57–3.50%

at 24 months. The reduction in the Ca(OH)2 content

appeared to indicate the pozzolanic activity of fly ash

[20, 23, 25]. It was concluded that the pozzolanic

reaction of fly ash in the Fa40 specimen within this

depth proceeded continuously up to 12 months

regardless of whether solution was injected but

occurred very slowly from 12 to 24 months.

When compared with the Reference, IWC pro-

moted cement hydration in Fa0 specimens not only at

2 months [16] but also up to 24 months. This results in

an increase in the Ca(OH)2 content. By contrast, IAA-

Ca(OH)2 adversely affected cement hydration in Fa0

specimens at early ages (i.e., at 2 months, as reported

in the previous study [16], and at 4 months), but

promoted hydration at later ages (after aging for

6 months), as shown in Fig. 4. Bui et al. [16]

explained that the negative effect of the production

of Ca(OH)2 in plain cement-based paste at early age

was a result of the high concentration of saturated

Ca(OH)2 solution injected from the age of 1 month. It

may also be expected that this injection will promote

cement hydration in Fa40 specimens, resulting in the

slightly higher Ca(OH)2 content in Fa40 specimens up

to 24 months. However, the Ca(OH)2 contents in the

IWC specimens were nearly the same as those of the

Reference at 2, 4, and 12 months, but lower than that

of the Reference at 24 months. The Ca(OH)2 contents

in the Fa40 specimens for IAA-Ca(OH)2 were lower

than those of the Reference at 2 months, slightly lower

at 4 and 12 months, and significantly lower at

24 months, despite having higher Ca(OH)2 content

at 6 months, as shown in Fig. 4.

In brief, for hardened cement-based paste within a

depth of 0–4 mm from the tip of the needle, IWC

promoted cement hydration in the short term (i.e., just

1 month after injection) and accelerated the long-term

pozzolanic reaction of fly ash (i.e., 11 and 23 months

after injection). IAA-Ca(OH)2 adversely affected

cement hydration at 1 and 3 months after injections,

but promoted cement hydration from 5 to 23 months

after injection, in addition to accelerating the poz-

zolanic reaction of fly ash.

3.1.2 Within a depth of 0–16 mm from the tip

of the needle

The Ca(OH)2 content of the entire specimen within a

depth of 0–16 mm from the tip of the needle is given in

Fig. 5 for a comprehensive evaluation of the effect of

IAA-Ca(OH)2 on the Ca(OH)2 content in both Fa0 and

Fa40 specimens. Previous studies suggested that the

Ca(OH)2 content at a depth of 16–20 mm from the tip

of the needle could be influenced by a wall effect

because of the mold and aluminum adhesive tape

[16, 17]. Therefore, the Ca(OH)2 content of the entire

specimen was calculated as average values at four

depths (i.e., at depths of 0–16 mm from the tip of the

needle in increments of 4 mm). The lower Ca(OH)2
content in the entire Fa40 specimen compared with

that of the entire Fa0 specimen is also described in

Fig. 5.

The Ca(OH)2 content in the entire Fa0 specimen

increased with time, from 14.57% at 1 month to

17.73–18.59% at 12 months and 18.22–18.83% at

24 months, regardless of whether solution was

Fig. 5 Ca(OH)2 content with time in entire Fa0 and Fa40

specimens within depth of 0–16 mm from tip of needle for all

cases [Reference, IWC, and IAA-Ca(OH)2]
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injected. By contrast, the Ca(OH)2 content in the entire

Fa40 specimen decreased with time, from 7.86% at

1 month to 3.11–3.60% at 12 months and 3.47–4.87%

at 24 months, regardless of whether solution was

injected. It was concluded that cement hydration was

still proceeding gradually in hardened plain cement

paste without fly-ash replacement, and the pozzolanic

reaction still proceeded slowly in hardened cement

paste with 40% replacement by fly ash, at up to

24 months. Similar findings were reported by Sakai

et al. [20]: when using a w/cm of 0.4, the Ca(OH)2
content formed in ordinary Portland cement paste

without fly-ash replacement increased with time from

approximately 15% at 28 days to 19% at 360 days, but

that formed in paste with 40% replacement by fly ash

decreased with time from approximately 12% at

28 days to 9% at 360 days. The lower Ca(OH)2
content in the present study can be attributed to the

differences in the type of cement and fly-ash

reactivity.

Compared with Fig. 4, the effects of IWC and IAA-

Ca(OH)2 on the Ca(OH)2 content in the entire

specimen, as seen in Fig. 5, were slightly different at

early ages (i.e., 1 and 3 months after injection).

However, their effects were almost the same at later

ages (i.e., from 5 to 23 months after injection). That is,

IWC increased the Ca(OH)2 content in the Fa0

specimens at all ages and slightly in the Fa40

specimens at 2, 4, and 6 months, but reduced the

Ca(OH)2 content in the Fa40 specimens slightly at

12 months and significantly at 24 months. IAA-

Ca(OH)2 adversely affected the production of

Ca(OH)2 in the Fa0 specimens in the short term, as

noted in the slight reduction of Ca(OH)2 content at 2

and 4 months, but thereafter significantly increased

the Ca(OH)2 content. For the Fa40 specimens, IAA-

Ca(OH)2 slightly decreased the Ca(OH)2 content at

12 months and significantly at 24 months. This indi-

cated that the solution [water or saturated Ca(OH)2
solution] flowed naturally throughout the entire spec-

imen after aging for 6 months.

In brief, IWC and IAA-Ca(OH)2 promoted cement

hydration in the entire Fa0 specimen at later ages, as

concluded from the increase in the Ca(OH)2 content

after aging for 6 months. In addition to promoting

cement hydration in the entire Fa40 specimen, IWC

and IAA-Ca(OH)2 accelerated the pozzolanic reaction

of fly ash, as seen in the reduction of the Ca(OH)2
content after aging for 12 months. Moreover, the

positive effect of IWC and IAA-Ca(OH)2 on acceler-

ating the pozzolanic reaction of fly ash in the entire

Fa40 specimen was almost the same, as seen in the

reduction of the Ca(OH)2 content at later ages (i.e.,

after aging for 12 months).

3.2 Consumption of Ca(OH)2 by pozzolanic

reaction of fly ash with time

Although it has been reported that the degree of

cement hydration in paste including cement and fly ash

increases more than that in paste containing only

cement [26], the present study assumed that cement

hydration in the cement-based paste with 40%

replacement by fly ash (Fa40) was the same as that

in the plain cement-based paste (Fa0). It implies that

the Ca(OH)2 produced per unit mass of cement at a

given curing time is independent of the hydration

environment of the cement. The consumption of

Ca(OH)2 by the pozzolanic reaction up to 24 months

in Fa40 specimens was therefore calculated by Eq. (2)

for all cases:

CHcons: ¼ CHFa0 c= cþ fð Þð Þ�CHFa40; ð2Þ

where CHcons. is the consumption of Ca(OH)2 by the

pozzolanic reaction (%); CHFa0 and CHFa40 are the

Ca(OH)2 content in Fa0 and Fa40 specimens, respec-

tively (%); and (c/(c ? f)) = 0.60 is the mass ratio of

cement in the cementitious materials (cement ? fly

ash).

According to Zhang et al. [25], a negative value of

consumptions of Ca(OH)2 calculated by Eq. (2)

reveals that extra Ca(OH)2 is formed due to the

addition of fly ash, that is, the addition of fly ash

accelerates the hydration of cement. However, the

negative values were not observed in this study. It

indicates that the addition of fly ash has no effect on

the hydration of the cement at all.

Regarding the pozzolanic reaction of fly ash in the

fly ash–cement system, Sakai et al. [20] reported that

fly ash started to react and consume Ca(OH)2 after

aging for 28 days. This meant that the consumption of

Ca(OH)2 was equal to zero at 28 days. The consump-

tion of Ca(OH)2 in the present study, calculated by

Eq. (2), was approximately zero after 1 month

because the Ca(OH)2 content of the Fa40 specimen

was approximately 60% of the Ca(OH)2 content in the

Fa0 specimen at this time, as shown in Figs. 4 and 5. It
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was concluded that Eq. (2) was therefore appropriate

for use in the present study.

3.2.1 Within a depth of 0–4 mm from the tip

of the needle inserted in specimens

The consumption of Ca(OH)2 by the pozzolanic

reaction within a depth of 0–4 mm from the tip of

the needle inserted in the specimens with time is

shown in Fig. 6. The consumption of Ca(OH)2
increased with time, from 1.38% at 1 month to

7.09–8.00% at 12 months and 6.36–7.69% at

24 months, regardless of whether solution was

injected. It was observed that the consumption of

Ca(OH)2 by the pozzolanic reaction within this depth

of the Fa40 specimens increased significantly from 1

to 12 months but remained constant from 12 to

24 months regardless of whether solution was

injected.

Compared with the Reference, the IWC and IAA-

Ca(OH)2 specimens increased their consumption of

Ca(OH)2 slightly at 2 months and significantly at 12

and 24 months. This confirmed that IWC and IAA-

Ca(OH)2 were effective in accelerating the pozzolanic

reaction of fly ash for the Fa40 specimens for a long

period (i.e., 11 and 23 months) after injection. It also

appeared that the consumption of Ca(OH)2 within this

region of the specimens was slightly lower for IAA-

Ca(OH)2 than that for the Reference at the age of

4 months. This may be partially attributed to the

negative effect of IAA-Ca(OH)2 from 1 month on the

cement hydration in the Fa0 specimen at that time, as

seen in Fig. 4.

3.2.2 Within a depth of 0–16 mm from the tip

of the needle inserted in specimens

Similar to the Ca(OH)2 content, the consumption of

Ca(OH)2 by the pozzolanic reaction of fly ash in the

entire specimen was defined as the average value

obtained within a depth of 0–16 mm from the tip of the

needle, as shown in Fig. 7. The consumption of

Ca(OH)2 in the entire specimen increased with time,

from 0.88% at 1 month to 7.04–7.88% at 12 months

and 6.06–7.83% at 24 months, regardless of whether

solution was injected. The increase in the consumption

of Ca(OH)2 by the pozzolanic reaction in the entire

Fa40 specimen was significant from 1 to 12 months

but negligible after aging for 12 months regardless of

whether solution was injected.

Compared with the Reference, IWC and IAA-

Ca(OH)2 showed higher consumption of Ca(OH)2 by

the pozzolanic reaction of fly ash at 12 and 24 months

but not at 2, 4, or 6 months. The pozzolanic reaction of

fly ash in the entire Fa40 specimen internally injected

with solution [water or saturated Ca(OH)2 solution]

was accelerated significantly at 12 and 24 months;

however, this was not observed clearly for IWC and

IAA-Ca(OH)2 at aging times of 2, 4, and 6 months.

This may be a result of various effects of the injection

of solution, including on the cement hydration and fly-

ash reactions, in cement-based systems. This is

discussed in Sect. 3.3.

Fig. 6 Consumption of Ca(OH)2 by the pozzolanic reaction of

fly ash with time within a depth of 0–4 mm from the tip of the

needle inserted in the center of the Fa40 specimens for all cases

[Reference, IWC, and IAA-Ca(OH)2]

Fig. 7 Consumption of Ca(OH)2 by pozzolanic reaction of fly

ash with time in entire Fa40 specimens within depth of

0–16 mm from tip of needle for all cases [Reference, IWC,

and IAA-Ca(OH)2]
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3.3 Degree of fly-ash reaction

Figure 8 shows the effect of IAA-Ca(OH)2 on the

degree of the fly-ash reaction in Fa40 specimens when

compared with those of the Reference and IWC at each

age. For the Reference, the degree of the fly-ash

reaction in Fa40 specimens increased with time, from

20.2% at 2 months to 24.3% at 12 months and 26.3%

at 24 months. According to Lam et al. [23], when

using a w/cm of 0.3, the degree of the fly-ash reaction

in cement pastes with 25 and 55% replacements by fly

ash increased from 14.41 to 11.21% at 28 days to

24.58 and 17.03% at 90 days, respectively, resulting

from an active pozzolanic reaction. This effect was

also observed in the present study, indicating an active

pozzolanic reaction in the hardened cement-based

paste with 40% replacement by fly ash.

This tendency was also shown for IWC and IAA-

Ca(OH)2; however, the increase in the degree of the

fly-ash reaction in the entire Fa40 specimen from 12 to

24 months was negligible for the three cases [Refer-

ence, IWC, and IAA-Ca(OH)2]. This is similar to the

insignificant increase in the consumption of Ca(OH)2
by the pozzolanic reaction of fly ash, as shown in

Fig. 7. Sakai et al. [20] also found a negligible

increase in the degree of the fly-ash reaction in cement

paste with 40% replacement by fly ash having high

glass content and high basicity of glass phase after

aging for 270 days. The authors concluded that the

glass content and glass phase compositions slightly

affect the reaction over long curing periods such as

12 months [20]. It is noted that basicity of fly ash in

this study was estimated following the calculation for

blast furnace slag per Japanese Industrial Standard,

i.e., basicity = (CaO ? MgO ? Al2O3)/SiO2 = 0.52.

This value is higher than that of the fly ash used in the

study of Sakai et al. (i.e., basicity = 0.40) [20].

Therefore, the negligible increase in the consumption

of Ca(OH)2 by the pozzolanic reaction of fly ash and

that in the degree of fly ash in this study could be a

result of the high basicity of glass phase in fly ash

particles.

Compared with the Reference, the degrees of the

fly-ash reaction in the IAA-Ca(OH)2 and IWC spec-

imens were higher at each age except for IAA-

Ca(OH)2 at 2 months. The Reference achieved only a

26.3% reaction at 24 months, while those of IWC and

IAA-Ca(OH)2 were 28.2% and 33.8%, respectively.

Moreover, significant increases in the degree of the

fly-ash reaction for IAA-Ca(OH)2 and IWC were

observed after aging for 6 months when compared

with the Reference. This may be attributed to solution

flow throughout the entire Fa40 specimen. This

confirmed that IAA-Ca(OH)2 and IWC increased the

degree of the fly-ash reaction in the Fa40 specimens,

and significantly at later ages.

It is known that an increase in the degree of the fly-

ash reaction corresponds to a decrease in Ca(OH)2
content and an increase in consumption of Ca(OH)2,

indicating an active pozzolanic reaction [23, 27].

Correlations between degree of the fly-ash reaction

and consumption of Ca(OH)2 by the pozzolanic

reaction in Fa40 specimens are shown in Fig. 9.

Regression lines are also shown to evaluate the effects

Fig. 8 Degree of fly-ash reaction with time in entire Fa40

specimens for all cases [Reference, IWC, and IAA-Ca(OH)2]

Fig. 9 Correlation between degree of fly-ash reaction and

consumption of Ca(OH)2 by pozzolanic reaction
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of the reactions in these systems. [It is noted here that

the regression line for IWC was drawn after eliminat-

ing the data points of 32.0% for degree of reaction and

4.97% for Ca(OH)2 consumption, which were consid-

ered outliers (see Fig. 9).]

According to these regression lines, the degree of

the fly-ash reaction that started to consume Ca(OH)2
differed between IAA-Ca(OH)2 and the other two

specimens: Ca(OH)2 started to be consumed at about a

6% reaction for IAA-Ca(OH)2 but at about 12% and

16% for Reference and IWC, respectively. This means

that below these degrees of reaction for each case,

there was no Ca(OH)2 consumption by the pozzolanic

reaction of fly ash. It can be said that the starting time

of the pozzolanic reaction of fly ash that consumes

Ca(OH)2 is the time when the degree of the fly-ash

reaction reached 12% for Reference, 16% for IWC,

and 6% for IAA-Ca(OH)2. The slope of the regression

lines also differed between IAA-Ca(OH)2 and both the

Reference and IWC: the slope for IAA-Ca(OH)2 was

about 0.25, while that for the Reference and IWC was

about 0.51. It was concluded that IAA-Ca(OH)2 had a

lower degree of the fly-ash reaction at which Ca(OH)2
started to be consumed. This is because IAA-Ca(OH)2
activated fly-ash particles themselves. However, the

consumption of Ca(OH)2 by the pozzolanic reaction in

which IAA-Ca(OH)2 activated fly-ash particles was

comparatively low. Because the pozzolanic reaction

produced calcium silicate hydrate from a lower degree

of the fly-ash reaction for IAA-Ca(OH)2, the pores

became finer from early ages when compared with

those of the Reference and IWC. This was confirmed

by the pore structure results of Fa40 specimens at

1 month after injection that were reported in a

previous study [16].

The degree of the fly-ash reaction at which

Ca(OH)2 started to be consumed for IWC was higher

than that for the Reference, which implied that IWC

did not contribute to activating fly-ash particles;

however, the regression line for IWC shifted to the

right from that for the Reference, as seen in Fig. 9.

Although IWC did not contribute to activating the fly-

ash particles, its pozzolanic reaction proceeded with a

lower Ca(OH)2 consumption than that of the Refer-

ence once the reaction began. This may be a result of

an acceleration of cement hydration. Because the

degree of the fly-ash reaction giving a certain Ca(OH)2
consumption for IWC was higher than that for the

Reference (see Fig. 9), it was easier for the pores to

become finer. This was also confirmed by the pore

structure results of the Fa40 specimen 1 month after

the injection of water [16]. The pore structure of these

specimens 23 months after the injection of solution is

discussed in Sect. 3.4 in order to confirm the positive

long-term effect of IAA-Ca(OH)2 and IWC on the

acceleration of the pozzolanic reaction of fly ash after

injection.

Briefly, the injection of saturated Ca(OH)2 solution

from the age of 1 month activated fly-ash particles,

which directly resulted in the acceleration of the

pozzolanic reaction. IWC did not contribute to acti-

vating fly-ash particles but accelerated cement hydra-

tion, which resulted in the acceleration of the

pozzolanic reaction of fly ash.

3.4 Variation in pore structure with time

3.4.1 Volume of total pores

Figure 10 shows the effect of IAA-Ca(OH)2 on the

volumes of total pores in the 0.003–10 lm range in

Fa0 and Fa40 specimens when compared with the

Reference and IWC at 24 months. The volume of the

total pores for the Reference at 2 months is shown for

comparison. The volumes of the total pores in both the

Fa0 and Fa40 Reference specimens decreased with

time, a result that has been found in previous studies

[20, 27–29]. It is known that fly ash decreases the

strength, which results from an increase in the volume

of pores in paste/concrete [24, 29]. A similar result

was also observed in the present study. The cement

pastes with 40% replacement by fly ash (Fa40) had a

higher volume of total pores than the plain cement

pastes (Fa0) at each age and for each case [Reference,

IWC, and IAA-Ca(OH)2].

For the Fa0 specimens at 24 months, IAA-Ca(OH)2
and IWC reduced the volume of the total pores ranging

from 0.003 to 10 lm when compared with the

Reference by 15.8% and 15.2%, respectively. For

Fa40 specimens at 24 months, IAA-Ca(OH)2 and

IWC slightly reduced the volume of the total pores

ranging from 0.003 to 10 lmwhen compared with the

Reference by 5.3% and 1.7%, respectively.

3.4.2 Pore size distribution

Figure 11 shows the effect of IAA-Ca(OH)2 on the

pore size distribution in Fa0 specimens when

144 Page 10 of 14 Materials and Structures (2018) 51:144



compared with Reference and IWC at 24 months and

the Reference at 2 months. There were three peaks:

the first and second peaks in the range of 0.1–10 lm
and the third in the range of 0.003–0.1 lm. The

Reference third peak decreased from 0.054 lm with a

pore volume of 7.5 mm3/g at 2 months to 0.032 lm
with a pore volume of 1.9 mm3/g at 24 months,

although the first and second peaks at 24 months were

slightly higher than those at 2 months.

Compared with the Reference at 24 months, the

first and second peaks in the 0.1–10 lm range for IWC

and IAA-Ca(OH)2 were much lower, but the third

peak in the 0.003–0.1 lm range was higher: 0.019 lm

with a pore volume of 3.9 mm3/g and 0.018 lmwith a

pore volume of 3.7 mm3/g, respectively. These results

suggested that IWC and IAA-Ca(OH)2 affected the

pore size distribution at 24 months in the Fa0 spec-

imen, with a decrease in the volume of pore diameters

in the 0.1–10 lm range and an increase in the range of

0.003–0.1 lm. This is attributed to the gradual filling

of large pores (i.e., capillary pores) and the formation

of small pores (i.e., gel pores) from additional

hydration products resulting from the promotion of

cement hydration by IWC and IAA-Ca(OH)2 at

23 months after injection.

Fig. 10 Volumes of total pores in Fa0 and Fa40 specimens at 24 months (i.e., 23 months after injection) for all cases [Reference, IWC,

and IAA-Ca(OH)2] compared with those for Reference at 2 months

Fig. 11 Pore size distribution in Fa0 specimens at 24 months

(i.e., 23 months after injection) for all cases [Reference, IWC,

and IAA-Ca(OH)2] compared with those for Reference at

2 months

Fig. 12 Pore size distribution in Fa40 specimens at 24 months

(i.e., 23 months after injection) for all cases [Reference, IWC,

and IAA-Ca(OH)2] compared with those for Reference at

2 months
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Figure 12 shows the effect of IAA-Ca(OH)2 on the

pore size distribution in Fa40 specimens when com-

pared with the Reference and IWC at 24 months. The

2-month value for the Reference is given for compar-

ison. The first and second peaks in the 0.02–10 lm
range were lower for Fa40 specimens at 24 months

than those at 2 months. At 24 months, the first and

second peaks of the Reference were located at

0.135 lm and 0.027 lm with pore volumes of

1.9 mm3/g and 1.3 mm3/g, respectively. These values

were lower than those at 2 months, which were located

at 0.311 lm with a pore volume of 2.3 mm3/g for the

first peak and 0.028 lm with a pore volume of

7.2 mm3/g for the second peak. Peaks in the

0.003–0.02 lm range for the Reference at 24 months

were higher than those at 2 months. These results

indicated that the products from cement hydration and

the pozzolanic reaction of fly ash in Fa40 specimens

formed gradually, filling the large pores and generat-

ing small pores in the specimens with time [27].

When compared with the Reference at 24 months,

the peaks in the 0.02–10 lm range were lower for

IWC and IAA-Ca(OH)2, except the first peak for IAA.

Peaks in the 0.003–0.02 lm range increased to 0.009

lm with a pore volume of 4.2 mm3/g for IWC and to

0.006 lm with a pore volume of 4.4 mm3/g for IAA-

Ca(OH)2. These results suggested that IWC and IAA-

Ca(OH)2 also affected the pore size distribution at

24 months in the Fa40 specimens, with a decrease in

the volume of pore diameters in the 0.02–10 lm range

and an increase in the volume of pore diameters in the

range of 0.003–0.02 lm. These resulted from the

gradual filling of large pores and the additional

formation of small pores from the hydration of cement

and the pozzolanic reaction of fly ash, which were

promoted by IWC and IAA-Ca(OH)2 at 23 months

after injection.

Briefly, IWC and IAA affected the pore size

distribution at 24 months in both the Fa0 and Fa40

specimens, with a decrease in the volume of large

pores and an increase in that of small pores. This is

discussed in more detail in Sect. 3.4.3.

3.4.3 Volume of pores related to pozzolanic reaction

According to Yamamoto and Kanazu [30], the volume

of pores in the 0.02–0.33 lm range decreased and that

of pores in the 0.003–0.02 lm range increased as the

pozzolanic reaction of fly ash proceeded. The volumes

of these pore ranges are also shown in Fig. 10. For the

Reference, the volume ratio of pores in the

0.02–0.33 lm range to the total pores decreased with

time and that of pores in the 0.003–0.02 lm range

increased with time regardless of fly-ash replacement.

When compared with Reference, IWC and IAA-

Ca(OH)2 showed a decrease in the volume proportion

of pores in the 0.02–0.33 lm range and an increase in

that of pores in the 0.003–0.02 lm range in the Fa40

specimens at 24 months. Similar findings were

reported in previous studies [16, 17]. The changes in

the volume ratios in the Fa40 specimens imply that the

pozzolanic reaction of fly ash was accelerated by IAA-

Ca(OH)2 and IWC. These changes were also shown in

specimens at 2, 4, 6, and 12 months. This is compat-

ible with an increase in the degree of the fly-ash

reaction for IWC and IAA-Ca(OH)2 at all ages [except

at 2 months for IAA-Ca(OH)2]. The increase in the

volume of the pores in the 0.33–10 lm range for IAA-

Ca(OH)2 in the Fa40 specimen shown in Fig. 10 may

be due to the exposure of hollow voids in the fly ash

into which mercury was intruded.

It was reported that IWC and IAA-Ca(OH)2 did not

affect these volume ratios in Fa0 specimens at

2 months (i.e., 1 month after injection) [16]; however,

these volume ratios were affected by IWC and IAA-

Ca(OH)2 at 24 months, as seen in Fig. 10. It was

concluded that IWC and IAA-Ca(OH)2 can refine the

pore structures in both Fa0 and Fa40 specimens at

24 months.

4 Conclusions

The long-term pozzolanic reaction of fly ash (i.e., up to

24 months) in hardened cement-based paste internally

activated by the natural injection of saturated Ca(OH)2
solution from the age of 1 month was investigated.

The results for Ca(OH)2 content, consumption of

Ca(OH)2, degree of the fly-ash reaction, and pore

structure in pastes internally activated by IAA-

Ca(OH)2 were compared with those in pastes inter-

nally cured by IWC and those in pastes that supplied

no solution (Reference). The following conclusions

were drawn:

• The effects of IWC and IAA-Ca(OH)2 on the

Ca(OH)2 content within a depth of 0–16 mm from

the tip of the needle in the entire specimen were
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slightly different from those of IWC and IAA-

Ca(OH)2 on the Ca(OH)2 content within a depth of

0–4 mm from the tip of the needle at 2 and

4 months. However, their effects were nearly the

same from 6 to 24 months. This indicated that the

solution moved completely into the entire speci-

men after aging for 6 months.

• Cement hydration proceeded gradually, and the

pozzolanic reaction of fly ash in hardened cement

paste with 40% replacement by fly ash progressed

slowly up to 12 months. However, these reactions

were negligible from 12 to 24 months regardless

of whether solution was injected.

• IAA-Ca(OH)2 activated fly-ash particles shortly

after injection. IWC did not contribute to activat-

ing these particles but accelerated cement hydra-

tion, which resulted in the activation of fly-ash

particles.

The injection of saturated Ca(OH)2 solution from

the age of 1 month was therefore effective in activat-

ing fly-ash particles, which directly resulted in the

acceleration of the pozzolanic reaction of fly ash in

hardened cement paste with 40% replacement by fly

ash, although this effect was negligible from 12 to

24 months. Further effective methods need to be

investigated to overcome this drawback. The chemical

reactions in the hardened fly ash–cement paste/con-

crete internally activated by this injection should be

studied from a thermodynamic point of view in future

works to confirm the effectiveness of internal alkali

activation.
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