
The increase of carbon emissions due to the annual growth of 
portland cement (PC) production has promoted research into the 
development of sustainable green concrete using a range of readily 
available industrial waste materials. The present study is focused 
on developing two high-volume fly ash (HVFA) concretes with 
cement replacement levels of 65% (HVFA-65) and 80% (HVFA-80). 
The required lime for both HVFA concrete mixtures was initially 
determined and the optimized mixture designs identified, based 
on the 28-day compressive strength, by varying the low-calcium 
Class F fly ash-hydrated lime composition. The optimized concrete 
mixtures achieved a compressive strength of 53 and 40 MPa (7.69 
and 5.80 ksi) for HVFA-65 and HVFA-80 concretes, respectively. 
The early-stage strength development is dependent on the matrix 
produced in the specific HVFA concrete, which is itself dependent 
on the number of unreacted fly ash spheres. The increase of fly ash 
and hydrated lime dosage in HVFA concrete increases the rate of 
hydration of the C3A and C4AF phases, but decreases the hydration 
of the C3S phase, which resulted in lower early-age strength devel-
opment than occurs in PC concrete. It was noted that the initial 
setting time of HVFA concretes increase with an increase of fly ash 
content. However, addition of hydrated lime accelerates the hydra-
tion and decreases the final setting time for HVFA concretes.

Keywords: compressive strength; high-volume fly ash concrete; hydration; 
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INTRODUCTION
Concrete is one of the most widely used construction 

materials and, at the present time, annual world consump-
tion is approximately 25 Giga tonnes.1 Portland cement 
(PC) is the major binder component. The manufacturing 
process is energy-intensive, contributing 1.6 billion tonnes 
of greenhouse gas emission globally per annum. It is well 
known that 0.6 to 0.8 kg (1.3 to 1.8 lb) of CO2 is emitted 
into the atmosphere for every kilogram (2.2 lb) of cement 
manufactured.2-4 In Australia alone, the total greenhouse gas 
emissions from cement production has increased by 6.7% 
between 2005 and 2015. Additionally, 1 tonne of cement 
production requires about 2.8 tonnes of limestone, fuel, and 
other raw materials. Thus, the reduction of carbon emis-
sion related to construction is imperative as current cement 
production alone contributes approximately 5 to 7% of 
anthropogenic CO2 emissions worldwide. The damage that 
this level of pollution is causing to the atmosphere is unsus-
tainable. Therefore, there is great interest in environmentally 
friendly concrete with high-volume fly ash (HVFA), which 
is an abundantly available industrial waste material.
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Fly ash is precipitated electrostatically or mechanically 
from the exhaust gasses or coal-fired power stations. Esti-
mated annual worldwide generation of fly ash in 2012 was 
approximately 750 million tonnes, while annual fly ash 
production in Australia stands at 14.5 million tonnes, which 
is projected to reach 20 million tonnes in 2025.5 The use of 
fly ash in cement and concrete manufacturing is estimated 
to be close to 20% of annual production, with another 25% 
used for low value-added applications. The balance is placed 
into long-term storage, which incurs intensive environmental 
and operational cost frameworks as landfill. The increasing 
quantity of toxic metals in the landfill potentially increases 
the threat to groundwater contamination while posing a 
significant risk to local aquifers due to the possible leaching 
of heavy metals.6 Hence, a reduction of cement produc-
tion by replacement with fly ash in concrete would provide 
significant socio-economic and environmental benefits.

The use of concrete containing HVFA has recently gained 
popularity as a resource-efficient, durable, and sustainable 
option for a variety of concrete applications.7-10 HVFA 
concrete is a concrete generally defined as that with at least 
50% of the PC replaced with fly ash.11 However, a major 
drawback for HVFA concrete is low early strength devel-
opment when replacement levels exceed 40%.12-14 When fly 
ash is added in the concrete mixture, it will ultimately reduce 
the porosity. However, the reaction rate is slower than that 
of cement. At very early ages, it acts as a filler.15 The filler 
effect acts in three ways: 1) higher separation among cement 
particles may promote complete cement hydration due to 
the availability of more space; 2) the partial defloccula-
tion of the cement particles in the three-dimensional (3-D) 
network providing increased cement particle surface area; 
and 3) provision of new nucleation sites on fly ash spheres 
that can promote the formation of more hydration prod-
ucts.15,16 However, the pozzolanic reaction of fly ash being 
a slow process, its contribution toward strength develop-
ment occurs at later ages and, hence, the early-age strength 
of HVFA concrete is significantly reduced.17,18 This is due 
to the unavailability of sufficient quantities of Ca(OH)2 to 
react with the low-calcium Class F fly ash particles. Hence, 
there is a possibility of improving the pozzolanic reaction 
of 



fly ash by adding Ca(OH)2 externally to the fly ash-cement 
mixture through hydrated lime.12,19

Shafigh et al.20 worked with HVFA concrete containing 
50% low-calcium Class F fly ash and observed compressive 
strengths of 22.1 and 41.5 MPa (3.2 and 6.0 ksi) at 7 and 
90 days, respectively. Babu et al.21 showed that lightweight 
HVFA concrete with a density of 1725 kg/m3 (108 lb/ft3) 
and the 28- and 90-day compressive strengths of 12.5 and 
16 MPa (1.8 and 2.3 ksi), respectively, can be produced 
using 309 kg (681 lb) of PC and 309 kg (681 lb) of low- 
calcium Class F fly ash in the concrete mixture. Kumar et 
al.22 also studied HVFA concrete containing 50% low-cal-
cium Class F fly ash and showed that compressive strength 
varied between 20 and 55 MPa (2.9 and 8.0 ksi) at a water-ce-
ment ratio (w/c) of 0.4, and 32 to 80 MPa (4.6 to 11.6 ksi) at 
a w/c of 0.3, over a 7- to 365-day period. Arel and Aydin23 
examined the effects of high proportions of low-calcium 
Class F fly ash in cement-paste composites and concluded 
that composites with 75% replacement of cement by fly 
ash are potentially suitable for low-strength applications. 
The authors23 further noted that the low-calcium Class F fly 
ash-lime reaction produce a densified cement matrix, but the 
addition of silica fume weakened the bond between the fly 
ash particles and the surrounding matrix, causing a reduc-
tion in strength evolution. This is primarily due to the sparse 
availability of portlandite (Ca(OH)2) in the system, which 
limits the formation of pozzolanic hydrated calcium silicate 
hydrate (C-S-H) gel. On the other hand, De la Varga et al.15 
studied the cement hydration of HVFA mortar produced with 
60% and 80% high-calcium Class C fly ash, and observed 
that the increased spacing of cement and nucleation/defloc-
culation effects provided by the addition of fly ash are 
dominant when compared with the chemical effect (that is, 
high-calcium fly ash reactivity) at very early ages (less than 
48 hours), in particular for the mixtures with higher fly ash 
replacement levels. After 48 hours, the mixtures containing 
fly ash exhibited a greater cumulative heat release, which 
indicates a greater extent of hydration reaction.

The alkali activation of 100% fly ash in geopolymer 
concrete requires elevated temperature curing,24,25 which 
accelerated the polymerization in a high-pH environment 
and hydrothermal conditions.26-29 The use of HVFA concrete 
can be beneficial where ambient temperature curing enables 
setting of the concrete. This study focused on developing 
two HVFA concrete mixtures that contain 65% (HVFA-65) 
and 80% (HVFA-80) of the cement replaced with low-cal-
cium Class F fly ash and hydrated lime. The strength activity 
index was calculated using the mortar compressive strength. 
These results are then used to determine the pozzolanic index 
and calculate the required lime for HVFA-65 and HVFA-80 

concretes. A series of HVFA-65 and HVFA-80 concrete 
specimens were then prepared by varying the low-calcium 
Class F fly ash-lime combination, and the strength develop-
ment examined over the period 3 to 90 days. The hydration 
pattern of HVFA-65 and HVFA-80 pastes with optimized 
strengths are investigated by isothermal calorimetry, thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD), and 
scanning election microscopy (SEM) techniques. The time 
required for the HVFA pastes with optimized strength to set 
are determined using Automatic Vicat needle apparatus.

RESEARCH SIGNIFICANCE
Published research on HVFA concrete to date has 

primarily considered cement replacements of up to 60% by 
fly ash. Minimal research has been conducted on the reaction 
mechanisms, strength evolution, and microstructure devel-
opment of HVFA at higher replacements levels. The present 
study addresses this gap and developed ternary blend HVFA 
concrete mixtures of up to 80% of cement replacement using 
low-calcium Class F fly ash and hydrated lime. The research 
data presented herein will contribute to the literature and will 
elucidate the reaction mechanism and strength development.

EXPERIMENTAL PROCEDURE
Materials used

Commercially available high-early-strength portland 
cement (ASTM Type III cement30) from a commercial 
supplier, low-calcium Class F fly ash (FA) conforming to 
AS 3582.131 obtained from a power station in Australia, 
and hydrated lime conforming to AS 1672.132 obtained 
from a commercial supplier were used to manufacture 
HVFA-65 and HVFA-80 concretes. The chemical composi-
tion of PC, fly ash, and hydrated lime (HL), as determined 
by X-ray fluorescence analysis, is shown in Table 1. The 
mean particle size of fly ash was 20 µm (0.000787 in.) and 
passing at 45 µm (0.00197 in.) sieve was 87%. The fly ash 
contained 62.5% of reactive amorphous phase material with 
non-reactive quartz (15.8%) and mullite (19.2%) as the crys-
talline phases, as quantified by X-ray diffraction analysis. 
The hydrated lime consisted of 91% of calcium hydroxide. 
Both coarse and fine aggregate were prepared in accordance 
with AS 1141.5.33 The fine aggregate was river sand in dry 
condition with a specific gravity of 2.6, water absorption of 
0.85%, and a fineness modulus of 2.9. The coarse aggre-
gate was crushed granite aggregate (10 mm [0.394 in.] in 
size) with a specific gravity of 2.65 and water absorption of 
1.74%. The coarse aggregate used in concrete was in satu-
rated surface-dry condition to prevent water absorption from 
the concrete mixture.

Table 1—Chemical composition

Material

By weight, %

SiO2 Al2O3 Fe2O3 CaO P2O5 TiO2 MgO K2O SO3 MnO Na2O LOI*

PC 22.5 4.5 0.4 66.3 0.67 0.20 0.51 0.15 2.8 0.10 0.17 1.7

FA 65.9 24 2.87 1.59 0.19 0.92 0.42 0.58 0 0.06 0.49 1.5

HL 0.85 0.45 0.55 96.25 0.80 0 1.10 0 0 0 0 0

*Loss on ignition (unburnt carbon content).



Mixture design
To calculate the quantity of lime required for the 28-day 

pozzolanic reaction, the pozzolanic index (PI)—a measure 
of the degree of fly ash reactivity with Ca(OH)2 and water 
in concrete—was determined. The mixture design was 
prepared as specified by ASTM C 61834 and ASTM C 31135 
with water/binder ratio of 0.484 and is shown in Table 2. 
Complete cement hydration is assumed at 28 days and the 
lime produced by hydration is assumed to be 25%.36 The 
equations provided in Table 336 were used to calculate PI 
and, thus, calculate the percentage of lime required for the 
HVFA-65 and HVFA-80 concrete mixtures (Table 4).

The HVFA-65 and HVFA-80 mixture proportions used 
are summarized in Table 5. The ratio of the components, 
cement, sand, coarse aggregates, and mixing water was 
calculated based on the absolute volume method.37 It is noted 

that the initially calculated hydrated lime percentage, based 
on the PI in Table 4, is dependent on the strength activity 
index of the mortar mixture (that is, 28-day compressive 
strength of 100PC/[80PC+20FA]). However, the present 
study is focused on optimizing the concrete mixture design 
and, thus, the hydrated lime percentage was varied based on 
the initially calculated hydrated lime percentage: from 8 to 
15.5 and 13 to 20.5 for HVFA-65 and HVFA-80 concretes, 
respectively. The total binder content was fixed to 450 kg/m3 
(28.1 lb/ft3), the fly ash quantity in each mixture was adjusted 
based on hydrated lime percentage, maintaining the cement 
content at 35% and 20%, respectively, and the combined fly 
ash and hydrated lime at 65% and 80%, respectively. The 
water-binder ratio (w/b) was kept at 0.3, and a high early-
strength high-range water-reducing admixture (HRWRA), 
in liquid form, was used together with tap water to maintain 
the workability within the range of 55 to 65 mm (2.17 to 
2.56 in.).

Sample preparation
The mixing of concrete was carried out using a 120 L 

(4.238 ft3) concrete mixer. The dry materials (PC, fly ash, 
hydrated lime, sand, and coarse aggregates) were mixed 

Table 2—Mortar mixture proportions, kg/m3 (lb/ft3)

Mixture 
notation PC FA Sand Water 28-day strength

100PC 500 — 1375 242 Fc = 45.0 MPa (6.5 ksi)

[80PC+20FA] 400 100 1375 242 Fca = 39.9 MPa (5.8 ksi)

Note: Fc is strength of 100PC mortar and Fca is strength of [80PC+20FA] mortar.

Table 3—Pozzolanic index (PI) calculations

Notation/definition Data Formulas Calculations

Cd is density of cement Cd = 3150 kg/m3 PI = B/A PI = 0.14

Cv is cement volume in 100PC mortar Cv = 0.159 m3 B = [1.598Hx1Cv1] – [KHx1Cv1] – KWv B = –0.0122

w/c is water-cement ratio of 100PC mortar w/c = 0.484 A = KPw/Pd – 2.85Pw/Gd A = –0.0877

Wv is volume of water Wv = 0.242 m3 where

Fc is strength of 100PC mortar Fc = 45.0 MPa K = [Fca/(2.143SF)]1/3 K = 0.4721

Fca is strength of [80PC+20FA] mortar Fca = 39.9 MPa SF = Fc/[2.145(N/D)3] SF = 177 MPa

Pw is weight of fly ash Pw = 100 kg/m3 N = 1.598CvHx N = 0.1716

Pd is density of fly ash Pd = 2150 kg/m3 D = HxCv + Wv D = 0.3494

Gd is density of sand Gd = 2600 kg/m3 Hx = (0.914w/c)/(w/c + 0.17)

w/c1 is water-cement ratio of [80PC+20FA] mortar w/c1 = 0.605 Hx1 = (0.914w/c1)/(w/c1 + 0.17)

Cv1 is cement volume in [80PC+20FA] mortar Cv1 = 0.127 m3

Hx is fraction of hydrated cement Hx = 0.676

Hx1 is fraction of hydrated cement 1 Hx1 = 0.714

PI is pozzolanic index

Table 4—Lime requirement calculations (based on PI = 0.14)

Definition Formulas HVFA-65 HVFA-80

Total binder Q 450 kg/m3 450 kg/m3

Weight of fly ash Pp 256.5 kg/m3 301 kg/m3

Weight of cement Pc 157.5 kg/m3 90 kg/m3

Hydration constant Hx = (0.914w/c)/(w/c + 0.17) 0.763 0.821

Weight of free lime available 0.25 × Pc × Hx 30.04 kg 18.47 kg

Amount of lime reacts with fly ash 1.85 × PI × Pp 66.23 kg 77.85 kg

Weight of extra lime required [1.85 × PI × Pp] – [0.25 × Pc × Hx] 36 kg 59 kg

Required extra lime percentage [(1.85 × PI × Pp) – (0.25 × Pc × Hx)]/Q × 100 8% 13%

Notes: 1 kg/m3 = 0.062 lb/ft3; 1 kg = 2.2 lb.



first for 4 minutes. Water and HRWRA were added to the 
dry mixture and mixed continuously for another 8 minutes 
until the mixture was glossy and well combined. A slump 
test was conducted in accordance with Australian standard 
AS 1012.3.138 to ensure the concretes achieved the required 
workability. Immediately after mixing, the concrete mixture 
was poured into steel cylinder molds and compacted using 
a vibration table to remove air bubbles. All concrete speci-
mens were demolded 1 day after casting and then cured in a 
lime-saturated water tank at 23°C (73.4°F) until being tested 
for compressive strengths.

The corresponding paste samples for X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and scanning 
electron microscopy (SEM) testing were prepared following 
the same mixture proportioning as the optimized HVFA-65 
and HVFA-80 concrete samples except that the sand and 
coarse aggregates are excluded. For the XRD and TGA 
tests, the paste samples were crushed and ground into fine 
particles and then filtered using 53 µm sieve to obtain the 
required powder samples for testing at 3, 7, and 28 days.

Testing
Compressive strength testing was performed at 3, 7, 28, 

and 90 days using an MTS machine with a loading rate of 
20 MPa/min (2.9 ksi/min) according to AS 1012.9.39 The 
reported compressive strength values at a specific age are an 
average of four samples for each mixture.

The XRD data was obtained using a wide-angle X-ray 
diffractometer with copper anode at 40 kV and 35 mA. The 
TGA test was performed using a TGA machine under N2 
atmosphere. The 5 to 12 mg (1.1 × 10–5 to 2.65 × 10–5 lb) of 
each powder sample was placed into the platinum crucible 
subject to a heating rate of 10°C/min (18°F/min), from 35 
to 860°C (95 to 1580°F). The percentage of mass loss due 
to decomposition with the increase of temperature was 
observed.

The heat of hydration of paste samples at a constant 
temperature of 23°C (73.4°F) were measured using an eight-

channel standard volume calorimeter. Prior to mixing the 
paste, the cement, fly ash, and water were all kept at the 
room temperature for 24 hours to achieve a constant room 
temperature of 23°C (73.4°F) for all materials. Wooden 
sticks were used to manually mix the samples. Immediately 
after mixing, the samples were injected into 20 mL glass 
ampoules that were then placed in the calorimeter for 72 
hours. The heat flow and cumulative heat over time for the 
samples were recorded as the isothermal calorimetry data. 
The data for each sample were normalized with respect to 
the total mass of its cementitious material so that different 
samples can be compared.

The setting times of pastes were tested using an automatic 
Vicat apparatus according to ASTM C191. During the test, a 1 
mm (0.039 in.) Vicat needle settled into a paste sample every 
15 minutes. The initial setting time was determined as the 
time between the moment when cement and water were first 
in contact and the time when the penetration of Vicat needle 
into the paste is 25 mm (0.984 in.). The final setting time was 
obtained to be the time elapsed between the time when water 
was first in contact with cement and the time when visible 
penetration of needle into the paste is not visible.

The microstructure was observed using scanning electron 
microscopy (SEM) imaging employing backscatter elec-
tron detector with 15 eV of energy. The elemental analysis 
and chemistry of specific mixture were examined using an 
energy-dispersive X-ray spectroscope (EDS) attached to 
the SEM apparatus. The paste samples were cut using a 
diamond saw to a size of 15 mm (0.59 in.) in height and 
25 mm (0.984 in.) in diameter and then carbon-coated and 
mounted on the SEM sample stage with conductive, double-
sided carbon tape.

RESULTS AND DISCUSSION
Strength development

The results of the compressive strength tests are reported 
as the average of four specimens for each mixture at 3, 7, 28, 
and 90 days, as shown in Fig. 1 for HVFA-65 and Fig. 2 for 

Table 5—Mixture designs for HVFA concrete

Mixture notation

Binder, % Mixture proportions, kg/m3

PC FA HL PC FA HL Sand Aggregate Water

100PC* 100 — — 450 — — 644 1218 135

35PC+65FA* 35 65 — 157.5 292.5 — 604 1144 135

35PC+57FA+8HL* 35 57 8 157.5 256.5 36 602 1140 135

35PC+54.5FA+10.5HL* 35 54.5 10.5 157.5 245.25 47.25 602 1139 135

35PC+52FA+13HL* 35 52 13 157.5 234 58.5 601 1137 135

35PC+49.5FA+15.5HL* 35 49.5 15.5 157.5 222.75 69.75 600 1136 135

20PC+80FA† 20 80 — 90 360 — 595 1126 135

20PC+67FA+13HL† 20 67 13 90 301.5 58.5 592 1120 135

20PC+64.5FA+15.5HL† 20 64.5 15.5 90 290.25 69.75 591 1119 135

20PC+62FA+18HL† 20 62 18 90 279 81 591 1118 135

20PC+59.5FA+20.5HL† 20 59.5 20.5 90 267.75 92.25 590 1117 135

*HVFA-65 concrete mixtures.
‡HVFA-80 concrete mixtures.

Notes: 1 kg/m3 = 0.062 lb/ft3.



and the PC concrete increased from 50.1 to 68.1 MPa (7.3 
to 9.9 ksi) over the period from 3 to 90 days. However, 
the HVFA-65 concrete demonstrated a twofold strength 
increase while HVFA-80 concrete had a threefold strength 
gain between 3 and 28 days. The calculated strength activity 
index (HVFA strength/PC strength) varied between 41.6 
and 76.5% and 19.6 and 57.7% for HVFA-65 and HVFA-80 
concrete, respectively (Table 6). This indicates that the 
hydration continues in the HVFA concretes up to 90 days, 
and, as would be anticipated due to the pozzolanic reaction 
of the fly ash with the hydrated lime, that the percentage 
of strength development is significantly larger than in PC 
concrete over this period.

Isothermal calorimetry
The variation of normalized heat flow of 100PC, opti-

mized HVFA-65, and optimized HVFA-80 paste mixtures 
up to 72 hours is illustrated in Fig. 3(a) and 3(b). The 100PC 
paste had the greatest heat flow over time compared with the 
HVFA pastes. It was noted that with the increase of cement 
replacement with the combination of fly ash and hydrated 
lime, the overall height of the normalized heat flow curve 
decreased, indicating a lower rate of hydration for HVFA 
pastes than 100PC.

At the time of mixing, hydration occurs rapidly, identified 
as the first peak in the normalized heat flow curve. This is 
principally due to the hydration of C3A and C4AF phases 
(Fig. 3(b)).40 It was noted that this first peak appears earlier 
for HVFA pastes than for 100PC. Moreover, the duration of 
the dormant period, occurring after the first peak, is short-
ened for both HVFA-65 and HVFA-80 paste. This observa-
tion indicates that the hydration of C3A and C4AF phases for 
HVFA pastes occurs earlier than for 100PC paste. Further, 
the hydration of these phases was faster with the increase of 
fly ash percentage in paste. It is noted that the hydration peaks 
are expected to start primarily with silicate phases (C3S and 
C2S) followed by aluminate phases (C3A and C4AF). The 
dilution of cement slows down the hydration of the silicate 
phases, resulting in a lower primary peak compared to the 
plain OPC. However, with fly ash inclusion, the hydration of 
aluminate phases becomes more dominant.

The second peak coming after the dormant period is asso-
ciated with the hydration of C3S and the production of the 
main hydrates C-S-H and CH. Setting also occurs during this 
period. Figure 3(a) shows that with the increase of fly ash 
and hydrated lime in the paste, the second peak of the heat 
flow curve shifted to the left. This is contrary to the heat 
flow curves of binary cement paste with fly ash observed 
in previous research.41,42 For PC pastes with fly ash as the 
only supplementary cementitious material (SCM), the heat 
flow curve usually shifts to the right, with larger fly ash 

Fig. 1—Compressive strength development of HVFA-65 
concrete. (Note: 1 MPa = 0.145 ksi.)

Fig. 2—Compressive strength development of HVFA-80 
concrete. (Note: 1 MPa = 0.145 ksi.)

HVFA-80 concrete. Initially, both HVFA concrete mixtures 
were tested at the calculated hydrated lime percentage 
required (Table 4). Additional testing was then undertaken 
in 2.5% hydrated lime increments (Table 5) to determine the 
optimum mixture design. The compressive strength values 
were found to increase with an increase of hydrated lime 
percentage up to 13% and 18% for HVFA-65 and HVFA-80 
concretes, respectively. A decrease in strength was subse-
quently noted for further addition of hydrated lime. The 
[35PC+52FA+13HL] concrete mixture had the highest 
compressive strength at 28 days for HVFA-65 concrete, 
whereas the [20PC+62FA+18HL] concrete mixture gave 
the optimum 28-day strength for HVFA-80 concrete. These 
mixture proportions were identified as the optimum mixture 
design for the specific HVFA concrete and used for the 
investigation of the reaction kinetics and microstructure 
development. There is an optimum hydrated lime content 
for specific HVFA concrete mixture. It is hypothesized that 
adding additional lime to the optimum leads to an increase 
in the exothermic process releasing additional heat during 
Ca(OH)2 formation. This causes internal expansion in the 
hydrated gel matrix and generates microcracks, which 
results in the strength reduction observed.

Both HVFA concretes displayed considerably lower 
compressive strength than the PC concrete at all ages. The 
compressive strength of the optimum HVFA-65 concrete 
increased from 20.8 to 52.2 MPa (3.0 to 7.6 ksi), the optimum 
HVFA-80 concrete from 9.8 to 39.3 MPa (1.4 to 5.7 ksi), 

Table 6—Strength activity index, %

Duration HVFA-65 HVFA-80

3 days 41.6 19.6

7 days 44.2 25.7

28 days 70.3 46.9

90 days 76.5 57.7



dosages contributing to a larger shift.41,42 The reason for 
the accelerated advent of the second peak in the heat flow 
curves of HVFA-65 and HVFA-80 pastes is attributed to the 
addition of hydrated lime. It has been reported that the pres-
ence of alkalis can speed up the appearance of the second 
peak, due to earlier formation of C3S hydrate.40 The shape 
of the second peak is also changed for both HVFA pastes. 
In the 100PC paste, the second peak of the heat flow curve 
is quite conspicuous. However, in HVFA-65 and HVFA-80 
paste, the second peak is less prominent compared to the 
100PC sample. HVFA-80 paste also has a smaller second 
peak compared with the HVFA-65 paste. This would indi-
cate that the increase of FA and hydrated lime dosage results 
in less-intensive hydration of C3S.

The third peak, quickly following the second peak, is due 
to renewed hydration of C3A and C4AF phases. It can be 
seen that the HVFA-80 paste had the earliest occurrence of 
the third peak and 100PC paste had the latest. As mentioned 
in previous studies, the entire heat flow curve would shift to 
the right with an increase of fly ash dosage. Thus, the occur-
rence of the third peak would be expected to be delayed. 
In this study, the increase of fly ash content accelerates the 
advent of the third peak instead. This could also be due to 
the adding of hydrated lime causing the renewed hydration 
reaction of C3A and C4AF phases to occur earlier.

From the cumulative heat of hydration curves in Fig. 4, the 
heat development decreases with the increase of fly ash and 
hydrated lime dosages. This is as expected, as the compres-
sive strength testing in 100PC, HVFA-65, and HVFA-80 
concretes shows that the compressive strength was reduced 
with increasing cement replacement. Comparing the cumu-
lative heat produced at 72 hours and compressive strength at 
the age of 3 days, as shown in Fig. 5, a good correlation can 
be observed. Previous research has also indicated that the 
heat of hydration is linearly correlated with the compressive 
strength and, thus, is a good indicator for the prediction of 
strength development.43

Thermogravimetric analysis (TGA)
The percentage of mass loss of 100PC and optimized 

HVFA paste samples due to decomposition with temperature 
are presented as TGA curves in Fig. 6(a) to 6(c). The cement 
hydrates decompose primarily in three stages, and this study 
follows the method prosed by Deboucha et al.44 Hence, the 
first stage, the weight loss of sample between 25 and 400°C 
(77 and 752°F) is associated with evaporation of free water 
(25 to 105°C [77 to 221°F]) and the dehydration reaction 
(105 to 400°C [221 to 752°F]). During the second stage 

Fig. 3—Normalized heat flow curves for 100PC, optimized HVFA-65, and optimized HVFA-80 pastes.

Fig. 4—Normalized cumulative heat curves for 100PC, opti-
mized HVFA-65, and optimized HVFA-80 pastes. Fig. 5—Correlation between compressive strength and 

normalized cumulative heat at age of 3 days. (Note: 1 MPa 
= 0.145 ksi.)



between 400 and 600°C (752 and 1112°F), the weight loss 
is due to the dihydroxylation of portlandite (Ldx). The third 
stage between 600 and 900°C (1112 and 1652°F) represents 
decarbonation of CaCO3 (Ldc). The actual temperature 
ranges are subject to minor changes referring to the first 
derivative of TGA curves, DTG. The amount of portlandite 
or calcium hydroxide (CH) in pastes at specific age is calcu-
lated using Eq. (1)

CH% = 4.11Ldx + 1.68Ldc (1)

It is noted that the weight loss of all pastes increases 
between 3 and 28 days, indicating the increase of cement 
hydrates over time. There are three major drops in the DTG 
curves for all the mixturees representing the mass loss due 
to dehydration (Ldh), dihydroxylation (Ldx), and decar-
bonation (Ldc), respectively. The values of Ldh, Ldx, and 
Ldc, calculated from the TGA and DTG curves, are listed 
in Table 7. The CH quantity in the pastes are calculated 
and presented in Fig. 7. Both HVFA specimens showed 
a 

lower CH percentage at all ages compared to 100PC paste. 
For 100PC paste, CH increased from 3 to 28 days as CH 
was released from hydration of PC over time. However, 
for both HVFA-65 and HVFA-80 pastes, the percentage 
of CH in the pastes at 7 and 28 days declined compared to 
3 days. This could be due to the pozzolanic and hydration 
of fly ash consuming the CH produced from PC hydration. 
Low-calcium fly ash can react up to a week after the time 
of mixing, as the fly ash can only be activated when there is 
adequate alkalinity accumulated in the pore solution by PC 
hydration.40 In HVFA-65 and HVFA-80 pastes, the CH was 
already consumed at 7 days. The reason could be that the 
added hydrated lime in the mixtures prior to the hydration of 
the cement was sufficient to initiate the hydration of fly ash 
at this earlier age, as reflected in the earlier occurrence of the 
peaks in the heat flow curve.

It can also be observed that the CH quantity in HVFA-65 
paste at 7 days was 12.5%, less than the added hydrated lime 
before hydration, which is 13%. This indicates that in the 
HVFA-65 paste, fly ash at 7 days consumed not only the 
CH produced from PC hydration but also the added hydrated 
lime in the paste. For HVFA-65 paste at 28 days, the CH 
content increase beyond 13%. This could be due to the 
release of CH from PC hydration exceeding the consump-
tion of CH by fly ash reaction. For HVFA-80 paste, the 

Fig. 6—TGA and DTG curves for 100PC, optimized HVFA-
65, and optimized HVFA-80 pastes. (Note: 1°C = 33.8°F.)

Table 7—Results from TGA and DTG curves

Specimen
Curing, 

days

Percentage of each compound, %

Ldh Ldx Ldc Ldca CH

100PC

3 6.168 3.97 3.698 2.473 18.375

7 8.054 4.317 3.536 2.511 19.464

28 8.794 4.53 3.416 2.114 20.807

HVFA-65

3 4.262 3.4 4.968 3.346 16.698

7 5.3 2.34 5.049 3.316 12.528

28 6.467 2.669 4.285 2.627 13.755

HVFA-80

3 3.463 2.26 5.432 4.431 10.97

7 4.138 1.989 5.983 4.243 11.101

28 5.117 2.188 5.168 3.507 11.783

Fig. 7—Percentages of CH in 100PC, optimized HVFA-65, 
and optimized HVFA-80 pastes.



amount of CH were 11.1% and 11.8% at both 7 days and 28 
days, less than the added hydrated lime before hydration, 
which is 18%. This shows that for HVFA-80 paste, fly ash 
consumed the added hydrated lime at both 7 and 28 days. 
Thus, for both HVFA-65 and HVFA-80 pastes, the added 
hydrated lime contributes to the pozzolanic and hydration 
of fly ash at ages as early as 7 days by participating in the 
reaction with fly ash.

XRD analysis
The variation of XRD patterns of 100PC, optimized 

HVFA-65 and optimized HVFA-80 paste between 3 and 
28 days are shown in Fig. 8(a) to 8(c). From 3 to 28 days, 
the peaks representing C3S and C2S phases in 100PC pastes 
reduce in size, indicating the consumption of C3S and C2S 
due to PC hydration over time. In the XRD patterns of both 
HVFA-65 and HVFA-80 pastes, there are two peaks at 25.2 
and 26 deg 2θ representing mullite and SiO2, respectively, 
which are not present in 100PC paste. As mullite and SiO2 
are major crystalline phases contained in fly ash, they can 
serve as indications of fly ash reaction in the pastes. In the 
diffractograms of HVFA-65 paste, the height and width 

of the peak representing SiO2 decreased between 3 to 28 
days. The peak for SiO2 in the diffractograms of HVFA-80 
paste shows a similar trend. This also correlates with the 
TGA results, which indicate that the fly ash in both HVFA 
pastes has started to react by the age of 7 days. It can also be 
observed that SiO2 and mullite still remain in the HVFA-65 
and HVFA-80 pastes at 28 days. Thus, the fly ash in both 
HVFA pastes has not been completely consumed at the age 
of 28 days.

Comparing the peaks representing CH in the diffracto-
grams, it can be seen that for 100PC, the amount of CH in 
the paste increases from 3 to 28 days, as CH is produced 
constantly from PC hydration. The HVFA-80 paste displayed 
a similar trend to 100PC with increasing CH content over 
time; however, the quantity of CH in the paste is signifi-
cantly lower than 100PC. The HVFA-65 displayed contra-
dictory behavior to 100PC: the CH content decreased from 
3 to 7 days and increased from 7 to 28 days. It is hypothe-
sized that the quantity of CH consumed by fly ash hydration 
in HVFA-65 is more than that produced from PC hydration 
in the period from 3 to 7 days. This resulted in the higher 
early-age strength development observed in HVFA-65 
concrete compared to the HVFA-80 concrete. These obser-
vations are consistent with the findings in TGA tests.

A peak representing CaCO3 appears at 29.4 2θ for both 
HVFA-65 and HVFA-80 pastes but is not observed for 
100PC paste. The HVFA-80 paste has a higher CaCO3 
content throughout compared to the HVFA-65 paste. The 
CaCO3 produced is attributed to carbonation of Ca(OH)2. 
The presence of the CaCO3 in the diffractograms indi-
cates that this carbonation occurs within 3 days in HVFA 
concrete and the quantity of CaCO3 increases as fly ash and 
hydrated lime content increases. It is also observed that for 
both HVFA-65 and HVFA-80 pastes, the quantity of CaCO3 
decreased between 3 to 28 days. This is due to the pore water 
becoming saturated with carbon dioxide over time, leading 
to the formation of the more-soluble calcium bicarbonate.

Setting time
The initial setting time, defined as the time when paste 

first starts to loss its plasticity, of the 100PC, optimized 
HVFA-65 and optimized HVFA-80 pastes are 143.82, 
150.99, and 184.62 minutes, respectively. The 100PC paste 
had the shortest initial setting time, while the HVFA-80 paste 
had the longest initial setting time. This indicates that, with 
an increase in fly ash content from 65% to 80%, the time for 
pastes to initially lose plasticity increases as compared to 
100% PC paste, even with the addition of hydrated lime. The 
final setting time correlates to the time required for a paste 
to loss its plasticity completely. The observed final setting 
time of 100PC, HVFA-65, and HVFA-80 pastes are 587.22, 
459.22, and 427.22 minutes, respectively. It was noted that 
the 100PC had the longest final setting time whereas the 
HVFA-80 had the shortest final setting time. This shows 
that, with the increase of fly ash dosage from 65% to 80% 
and hydrated lime dosage from 13% to 18%, the time for 
pastes to completely lose their plasticity decreases.

These results would indicate that, while an increase in 
replacement by fly ash and hydrated lime increases the initial 

Fig. 8—Diffractograms for 100PC, optimized HVFA-65, and 
optimized HVFA-80 pastes.



setting time, it also actually reduces the final setting time. 
The increase in setting time can be attributed to the delay in 
activation due to the reducing in the PC content while the 
reduction in final setting time can be attributed to activation 
of the fly ash by the hydrated lime coupled with additional 
nucleation sites due to the increased hydrated lime content. 
This correlates with the isothermal calorimetry results. The 
second peak of the heat flow curve being associated with the 
final setting. The results show that the adding of hydrated 
lime can accelerate the setting time such that HVFA concrete 
with a higher fly ash dosage will set quicker than those with 
lower fly ash content.

Microstructure
Figure 9 shows the microstructure development observed 

in 100PC and optimized HVFA concretes between 3 and 28 
days. The 100PC concrete has a well-compacted, uniform, 
dense pore structure at 28 days, which is consistent with 

the observed high compressive strength. It further showed a 
higher degree of hydration and concurrent C-S-H gel forma-
tion at 7 days, with only a few anhydride cement particles 
observed in the gel matrix. The HVFA-65 and HVFA-80 
concretes displayed a similar microstructure, being hetero-
geneous in nature, with an increased number of unreacted/
partially reacted fly ash spheres observed, in particular after 
7 days. These materials are composites; hence, the strength 
of the unreacted fly ash particles, and the interface between 
them and C-S-H gel matrix, is expected to have a signifi-
cant bearing on the overall strength of the material.45 The 
presence of extra void spaces and microcracks were also 
observed from the SEM micrographs of HVFA concretes as 
compared to 100PC concrete. It is noted that these micro-
cracks are generated at the interface of the unreacted fly 
ash-gel phase and then extended through the bulk gel matrix. 
These observations would explain the lower strength of the 
two HVFA concretes compared to the 100PC concrete. 

Fig. 9—Microstructure development of 100PC, optimized HVFA-65, and optimized HVFA-80 pastes.



On the other hand, additional calcium-aluminosilicate- 
hydrate (C-A-S-H) is expected to be generated in the HVFA 
concretes which will coexist with C-S-H gel, providing an 
increase in density in the microstructure. The addition of 
hydrated calcium (lime) is also expected to accelerate hard-
ening and dissolution by providing extra nucleation sites. 
This is suggested as the cause of the significant increase in 
compressive strength between 3 and 28 days in both HVFA 
concretes.

SUMMARY AND CONCLUSIONS
The following conclusions can be made from the research 

presented in this paper:
1. Two ternary blend high-volume fly ash concrete

mixtures—HVFA-65 and HVFA-80—were designed incor-
porating hydrated lime to activate the fly ash. Compressive 
strengths up to 53 and 40 MPa were achieved at 90 days with 
HVFA-65 and HVFA-80 concrete, respectively.

2. Hydration of C3A and C4AF phases in HVFA concretes
occurs earlier than PC concrete. Further, hydration of these 
phases was accelerated by an increase of fly ash percentage 
in the concrete. On the other hand, the increase of fly ash and 
hydrated lime resulted in reduced hydration of the C3S phase 
in the HVFA concretes.

3. The addition of hydrated lime stimulated the initial
pozzolanic reaction and hydration of fly ash during the first 
7 days in the HVFA concretes.

4. The CH content of HVFA-65 decreased between 3 to
7 days but increased from 7 to 28 days. This is due to the 
quantity of CH consumed by fly ash hydration in HVFA-65 
being more than that produced from PC hydration in the 
first 7 days. This resulted in higher early-age strength for 
HVFA-65 than HVFA-80 concrete.

5. In HVFA-65 and HVFA-80 concretes, the added
hydrated lime contributes to the hydration of fly ash at ages 
as early as 7 days by participating in the reaction with fly 
ash.

6. The carbonation at early ages becomes more severe
with the increase of fly ash and hydrated lime content in the 
HVFA concrete. The reduction of CaCO3 content between 3 
and 28 days is attributed to the dissolution of CaCO3 in the 
pore water, the solubility increasing due to the formation of 
more the soluble calcium bicarbonate.

7. While initial setting time of HVFA concrete increases
with an increase of fly ash content, the final setting time 
decreases. The activation of the fly ash by the hydrated 
lime and the additional nucleation sites created due to the 
increased hydrated lime content is the cause of the acceler-
ated final setting time of HVFA concrete.
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