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ABSTRACT: This study explores the physical-chemical characteristics of paste and mortar with an eco-friendly 
binder named as SFC cement, produced by a ternary mixture of industrial waste materials of ground granulated 
blast furnace slag (S), Class F fly ash (FFA), and circulating fluidized bed combustion fly ash (CFA). To trigger 
the hydration, the CFA, which acted as an alkaline-sulfate activator, was added to the blended mixture of slag 
and FFA. The water to binder ratio (W/B), curing regime, and FFA addition significantly affected the engi-
neering performances and shrinkage/expansion of the SFC pastes and mortars. The SFC mortars had higher 
workability than that of ordinary Portland cement (OPC). With similar workability, the SFC mortars had com-
pressive strengths and expansions comparable to OPC mortars. The main hydration products of the hardened 
SFC cement were ettringite (AFt) and C-S-H/C-A-S-H. The transformation of the AFt to the monosulfates was 
observed as the hydration time increased.
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RESUMEN: Características fisicoquímicas de un ligante eco-amigable usando una mezcla ternaria de residuos 
industriales. Este trabajo estudia las características fisicoquímicas de pastas y morteros con un ligante eco-
amigable llamado cemento SFC, producido por una mezcla ternaria de materiales a partir de residuos indus-
triales tales como escorias granuladas de alto horno (S), ceniza volante clase F (FFA), y cenizas volantes de 
combustión en lecho fluidizado circulante (CFA). Para desencadenar la hidratación, el CFA que actuó como 
un activador alcalino-sulfato se añadió a la mezcla combinada de escoria y FFA. La relación de agua/ligante 
(W/B), el tipo de curado, y la adición de FFA afectaron significativamente a las prestaciones mecánicas así 
como a la retracción/expansión de pastas y morteros de SFC. Los morteros SFC presentaron una trabajabilidad 
mayor que los correspondientes de cemento de Portland (OPC). Con una trabajabilidad similar, los morteros 
SFC presentaron resistencias mecánicas y expansión comparables a los morteros de OPC. Los principales pro-
ductos de hidratación del cemento SFC fueron etringita (AFt) y geles C-S-H/C-A-S-H. La transformación de 
AFt a mono sulfatos fue observada a medida que el tiempo de hidratación progresaba.

PALABRAS CLAVE: Ceniza volante; Escorias granuladas de horno alto; Pasta de cemento; Mortero; Productos de 
hidratación
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1. INTRODUCTION

The power generation from the pulverized coal 
combustion has raised the issues on environmental 
pollution and climate change. To minimize these 
impacts, a new combustion method so-called the 
circulating fluidized bed combustion (CFBC) pro-
cess is preferred because it not only reduces the SO2 
and NOx emission during the combustion process 
but also significantly improves the efficiency of 
burning (1, 2). By incorporating the calcium rich 
raw materials (such as limestone or dolomite) as 
absorbents during the burning process, most of the 
SO2 in the CFBC process is eliminated by the reac-
tion between SO2 and CaO. Therefore, anhydrous 
anhydrite (CaSO4) is formed in the CFBC ashes. 
To increase the SO2 absorption, the weight ratio 
of CaO (in absorbent) to SO2 (in raw materials) is 
increased and the temperature is lowered (3). The 
CFBC combustion technique results in the CFBC 
ashes with physicochemical properties different 
from the conventional coal fly ashes. Generally, the 
high free lime (f-CaO) from the unreacted absorbent 
and the anhydrite (CaSO4) limit the utilization of 
CFBC ashes due to the expansion induced by ettr-
ingite (AFt) formation (3). Therefore, CFBC ashes 
significantly contribute to the annually increased 
solid wastes with sulfur, possibly leading to the pol-
lutions in the air due to the ashes and on surface 
water due to the high alkalis.

The utilization of the sulfur rich solid wastes in 
cement/concrete industry has been the most effi-
cient way to mitigate the aforementioned impacts 
because the dual benefits, i.e., both the carbon foot-
print of concrete and the cost of sulfate rich hydrau-
lic cement (SC), as an alternative to the ordinary 
Portland cement (OPC), are reduced. Although the 
utilization of the by-product cementitious mate-
rials such as ground granulated blast furnace slag 
(GGBFS) from the iron and steel industry and poz-
zolans such as fly ash from the electricity genera-
tion as the complementary cementitious materials 
or alkaline activated materials have been established 
(4–15), the 100% by-product pozzolan based SCs 
are preferred in manufacture of eco-cement because 
they are cheap and environmentally friendly. 
Generally, the combinations of the sulfur rich mate-
rials and GGBFS and/or the natural or by-product 
pozzolanic materials lead to the cementing process 
including the dissolution and condensation of the 
ingredients (16–23). Now, the SCs, particularly 
those produced by the sulfur rich solid wastes such 
as CFBC ash and flue gas desulfurization gypsum 
(FDG), have been the research interest because they 
meet the economic and ecological requirements and 
have acceptable mechanical and durability proper-
ties (24–27). However, the challenge of making the 
SCs with reduced cost and increased mechanical 
quality and limited investigations on their long-term 

shrinkage/expansion have narrowed the application 
of such SCs (26, 28).

In this study, an eco-friendly binder named as 
SFC cement, produced by a ternary waste mixture 
of industrial waste materials of ground granulated 
blast furnace slag (hereafter called slag and abbre-
viated as S), Class F fly ash (FFA) from coal-fired 
power plant and circulating fluidized bed combus-
tion fly ash (CFA), was used to produce high perfor-
mance pastes and mortars with high workability, high 
engineering properties, and satisfactory shrinkage/
expansion. The microstructural examination was 
conducted to understand the hydration mechanism 
of  such SFC cement. By using FFA to replace slag 
in the ternary mixture, the cost of  SFC cement is 
significantly reduced. The low heat evolution during 
the cementitious hydration of slag and pozzolanic 
reaction of FFA in the SFC cement will overcome 
the issues on internal hydration heat release of the 
mass concretes/mortars using the OPC. Also, the 
results of this investigation can extend the usage of 
CFA to other kinds of applications in addition to 
using as the activator (25).

2. EXPERIMENTAL PROGRAM

2.1. Materials and mix proportions

The Type I ordinary Portland cement (OPC) in 
accordance with ASTM C150 (29) was used as the 
control reference. The Class F fly ash (FFA), slag, 
and CFBC fly ash (CFA) were used to produce 
the SFC cement. The physical properties and the 
chemical and mineral compositions of  these by-
product materials, examined by Lab-X3500 X-ray 
fluorescence (XRF) on powder and BRUKER, D2 
PHASER-X-Ray Diffractometer X-ray powder dif-
fraction (XRD), are shown in Table 1 and Figure 1, 
respectively. The CFA contains CaO and SO3 while 

Table 1.  Physical properties and chemical  
compositions of three industrial waste materials

GGBF  
Slag (slag)

Class F fly 
ash (FFA)

CFBC fly 
ash (CFA)

Specific gravity 2.90 2.08 2.70

Blaine fineness, cm2/g 6000.00 – 3000.00

SiO2, wt.% 34.90 61.12 5.22

Al2O3, wt.% 13.53 24.31 2.21

Fe2O3, wt.% 0.52 4.26 0.58

CaO, wt.% 41.47 4.65 56.80

MgO, wt.% 7.18 1.15 2.06

SO3, wt.% 1.74 – 32.40

K2O, wt.% – 0.33 –

TiO2, wt.% – 1.48 –

L.O.I, wt.% 4.72 2.70 –
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the FFA contains SiO2 and Al2O3. The FFA com-
prises mullite and quartz, and the CFA comprises 
portlandite, anhydrite, and lime resulted from the 
reaction between f-CaO and vaporized water in the 
air. In contrast to FFA and CFA, the slag comprises 
mostly amorphous CaO, SiO2, Al2O3, and MgO 
(Table 1 and Figure 1). The non-crystalline phases 
make the slag with alkaline and sulfate activator 
more active than FFA. To produce mortars, the 
natural river sand with the fineness modulus (FM) 
of  2.9 and the specific density of  2.65 was used. 
The water absorption of  sand was 0.8 wt.%.

In this investigation, the CFA with 15  wt.% of 
blended mixture of FFA and slag was used to trigger 
the hydration. Such amount of CFA is equivalent 
to 4.23 wt.% SO3, being smaller than the threshold 
value of 4.48  wt.% for cement with good sound-
ness, as suggested by some authors (30). Because 
4.23  wt.% of SO3 was higher than the threshold 
value of 3.5 wt.% in expansion-controlled cement, 
as suggested by some other researchers (31), the vol-
ume stability in terms of the shrinkage/expansion 
of mortars with different curing regimes was spe-
cifically assessed in this study. The FFA, as partial 
replacement for slag by 10, 30, and 50  wt.%, was 
used to produce SFC cement to cut the cost. Three 
water to binder ratios (W/B) such as 0.3, 0.35, and 
0.4 for mortars were used. In addition, the SFC 
cement pastes with W/B of 0.35 were also used to 
estimate the effect of  FFA on shrinkage/expansion 
of paste specimens. The ratio of sand to OPC or 
ternary blended mixture of slag, FFA, and CFA was 
fixed at 2.5 by weight in all mortar mixes. In this 
study, the slump flow of mortars was maintained 
at 195±5 mm by using different amounts of Type G 

superplasticizer (SP), a high-range water-reducing 
admixture. The mix proportions of pastes and mor-
tars are shown in Table 2. In Table 2, the charac-
ters F, C, and L for designations of mixes refer to 
FFA, CFA, and liquid, and the numbers following 
the characters are the percentage of the materi-
als, respectively. For example, the mix designation 
denoted by F10C15L35 means that the mix was 
prepared by FFA/slag=10%/90%, 15 wt.% CFA of 
blended mixture of FFA and slag, and W/B=0.35, 
respectively. The amount of SP was expressed by the 
percentage of the weight of total solid powder.

2.2. Casting of specimens and test methods

The fresh mortars were tested for the workabil-
ity by the flow Table test in accordance with ASTM 
C1437 (32). The cubic specimens with dimensions 
of  50×50×50 mm were cast for the compressive 
strength test immediately after the workability 
test. For the shrinkage/expansion test, the pris-
matic specimens of  mortars with dimensions of 
25×25×185 mm were cast. After 24 hours, the speci-
mens were removed from the molds and cured in 
different conditions to estimate the effects of curing 
regimes on the compressive strengths and shrinkage/
expansion of  the SFC mortars. Three regimes of 
curing conditions including (1) curing in air at 
27±2 °C, 65% RH (A), (2) curing in saturated lime 
water at 27±2 °C (W), and (3) combined curing of 
7-day curing in saturated lime water then followed 
by curing in air at 27±2 °C, 50% RH (WD) were used 
until testing ages. The compressive strength test was 
conducted at 3, 7, 28, and 90 days. The procedure 
for the compressive strength test was according to 
ASTM C109 (33). The shrinkage/expansion was moni
tored until 90 days. The procedure for the shrinkage/
expansion measurements were in  accordance to 
ASTM C596 (34).

Figure 1.  XRD patterns of three  
industrial power waste materials.

Table 2.  Mix proportions of SFC  
and OPC pastes and mortar

Mix

OPC slag FFA CFA Water SP

g g g g g wt.%

F10C15L30 – 900 100 150 345.0 0.32

F10C15L35 – 900 100 150 402.5 0.30

F10C15L40 – 900 100 150 460.0 0.14

F30C15L35 – 700 300 150 402.5 0.30

F50C15L35 – 500 500 150 402.5 0.29

OPCL30 1000 – – – 300.0 0.60

OPCL35 1000 – – – 350.0 0.30

OPCL40 1000 – – – 400.0 0.16

Note: All the SFC and OPC mortar specimens were cast based 
on the weight ratio of sand to OPC or ternary blended mixture 
of slag, FFA, and CFA of 2.5.
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The pieces of paste samples were soaked in alco-
hol to stop hydration and used for microstructural 
examinations by JSM-6390LV scanning electron 
microscope (SEM) and BRUKER, D2 PHASER-
X-Ray Diffractometer X-ray powder diffraction 
(XRD).

3. RESULTS AND DISCUSSIONS

3.1. Workability

The slump flow of mortar specimens was con-
trolled by the SP additive to be 195±5 mm as shown 
in Table 2. With same W/B, the SFC mortars needed 
lower SP dosages than the OPC mortars, espe-
cially for those with the low W/B. The flowability 
was improved as the FFA increased. Such behav-
ior could result from the optimized particle distri-
bution of the SFC mortars. In addition, the OPC 
cement particles, normally, require more water or 
SP to produce certain workability because the flocs 
of cement particles trap some mixing water. On the 
other hand, the spherical FFA particles as additive 
in the SFC cement could significantly reduce the 
friction between the particles and lead to the higher 
flowability.

3.2. Compressive strength

The mean value and standard deviation for com-
pressive strengths of three mortar specimens are 
shown in Table 3 where the mean values are shown 
in Figures 2–4. As can be seen in Table 3, the stan-
dard deviation of the mortars was in ranges of 
0.510–1.961 MPa. The W/B, curing condition, and 
FFA additive significantly affected the compressive 
strengths of the SFC mortars. Figure 2 shows that 
the increase of compressive strength of SFC mortar 
with low FFA (10 wt.%) was related to the increase 
of curing age and the decrease of W/B. The change 
of mechanical behavior of SFC mortars with 
10 wt.% FFA was also related to the curing regime. 
Based on Figure 3(a), the air curing was the best 
for the early compressive strength developments of 
the SFC mortars with 10  wt.% FFA. However, to 
induce higher long-term compressive strengths, the 
combined curing was the best. The results showed 
that the curing in saturated lime water for 7 days was 
enough for the highest hydration of the SFC cement 
with 10 wt.% FFA, and the condensed microstruc-
ture of specimens was obtained as they were put in 
dry air due to the drying shrinkage The lower com-
pressive strengths of the SFC mortars with 10 wt.% 
FFA cured in saturated lime water suggested that a 
little expansion was harmful to the condensed micro-
structure of specimens. The increase in FFA additive 
inversely affected the early compressive strengths of 
the SFC mortars (Figure 4). But, the compressive 
strengths of the SFC mortars with 30  wt.% FFA 

were similar to those of the low FFA mortars (with 
10 wt.% FA) at ages longer than 7 days. The increase 
of FFA additive up to 50 wt.% inversely affected the 
compressive strengths of the SFC mortars at both 
early and later ages. Such results could be explained 
by the stability of FFA particles in a low alkaline 
environment provided by CFA.

Compared to the OPC mortars, the SFC mortars 
with low FFA (10 wt.%) and high or medium W/B 
(0.4–0.35) had lower compressive strengths regard-
less of age and curing regime. However, after the 
ages of 7 days, the SFC mortars with 10 wt.% FFA 
had high compressive strengths with the low W/B of 
0.3 (Figure 2). The hydration of the SFC cement was 
slower than that of the OPC, thereby leading to the 
lower compressive strengths of SFC mortars at early 
ages. In this study, however, the optimum propor-
tion of SFC mortars that had compressive strengths 
at the age of 3 days up to 92% of those of OPC mor-
tars was the F10C15L30 mix (10 wt.% of FFA and 
15 wt.% of CFA with W/B of 0.3). Moreover, the 
hydration of the SFC cement needed lower water 
than that of the OPC. When compared at the equiv-
alent compressive strengths, the W/B of the SFC 
mortars was lower than that of OPC mortars. For 
example, at the ages of 3, 7, 28, and 90 days, the com-
pressive strengths of the OPC mortars with W/B of 
0.4 were 46.3, 51.1, 63.2, and 66.5 MPa, respectively, 
and the compressive strengths of the SFC mortars 
with 10 wt.% FFA and W/B of 0.35 were 46.1, 55.8, 
62.5, and 67.1  MPa, respectively. However, when 
a low W/B of 0.3 was used, the SFC cement with 
10 wt.% FFA had enough water for hydration, lead-
ing to compressive strengths higher than those of 
the OPC mortars after the ages of 7 days (Figure 2).

3.3. Shrinkage/expansion

The shrinkage/expansion of mortars and pastes 
is shown in Figures 5–7. The shrinkage/expansion 
of the SFC mortars was affected by the W/B, cur-
ing condition, and FFA additive. The increase of 
W/B resulted in the increase of drying shrinkage 
and decrease of expansion when air and water cur-
ing were applied, respectively (see Figure 5). In the 
air, the higher drying shrinkage of the SFC mortars 
was induced by water loss rather than by autog-
enous drying shrinkage. In the water, the ceased 
evaporation of  internal pore water and the more 
expansive AFt formation inside the specimens, 
as shown in -Figs. 8 and 9, induced the expansion. 
Generally, the mortars with lower W/B have more 
condensed microstructures than those with higher 
W/B. Thus, when the specimens are cured in water, 
the expansive AFt crystals induce the SFC mortars 
with lower W/B higher expansions than those of 
the SFC mortars with higher W/B. The combined 
curing led to the intermediate result. The specimens 
expanded when immersed in water or shrank when 
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immersed in air (Figure 6). However, the SFC mor-
tars cured in dry air (50% RH) had higher shrinkage 
than those cured in air with higher RH (65%), as 
shown in Figures 5, 6. Such results were related to 
the high compressive strengths of the SFC mortars 
cured in combined curing condition after the ages 
of 7 days (Figure 3). The increase of FFA additive 
resulted in the increase of shrinkage/expansion of 
the mortar prism regardless of the curing condition 
(i.e. curing in saturated lime water or air), as shown 
in Figure 7. This observation did not clearly show 
a negative effect of FFA additive on the shrinkage/
expansion of the SFC mortars. Because the FFA 
has the lower gravity than that of slag, the increase 
of FFA additive in the SFC mortars leads to the 
increased volume of pastes. Therefore, with a con-
stant weight ratio of aggregate (i.e. sand) to paste, 
the volume ratio of paste to aggregate increased with 
the increase of FFA additive. Moreover, the shrinkage/
expansion of  mortars has been mostly affected by 
the volume changes of  pastes. As a result, high FFA 
additive increased the shrinkage/expansion of  the 
SFC mortars. However, it can be confirmed that, 
if  the volume ratio of sand to paste remains con-
stant, the FFA additive significantly contributes to 
the reduced shrinkage/expansion of the SFC mor-
tars/concretes because of the volume stability of 
FFA particles and the increase in AFt crystals (35). 
Therefore, to exactly understand the effects of differ-
ent pozzolanic materials such as FFA on the proper-
ties of SFC mortars/concretes, the design method to 
obtain the optimal volumetric ratio of  the materi-
als is necessary. In this investigation, the FFA addi-
tive showed the negative effect on the shrinkage/ 
expansion of SFC mortars but the positive effect on 
the drying shrinkage of SFC pastes (Figure 7).

A comparison between the SFC and OPC mor-
tars with 10 wt.% FFA in Figure 5 shows that the 
drying shrinkage of the SFC mortars was lower 
than that of the OPC mortars when high or low 
W/B (0.4 or 0.3) was used. The expansive AFt for-
mation in the SFC mortars at W/B of 0.4 signifi-
cantly reduced the drying shrinkage of specimens. 
Moreover, the decreased water demand for hydra-
tion and the increased AFt formation induced the 
lowest drying shrinkage of the SFC mortars at W/B 
of 0.3. On the other hand, the drying shrinkage 

Table 3.  Compressive strengths of three  
specimens for SFC and OPC mortars (MPa)

Mixes days S1 S2 S3 mean SD

Air curing

F10C15L30 3 60.2 62.9 64.1 62.4 1.412

7 72.4 73.9 75.7 74.0 1.168

28 83.9 85.9 86.7 85.5 1.020

90 85.4 86.8 85.8 86.0 0.510

F10C15L35 3 44.9 47.2 48.6 46.9 1.321

7 57.1 56.1 54.5 55.9 0.927

28 64.1 62.7 64.3 63.7 0.616

90 64.0 64.2 65.9 64.7 0.738

F10C15L40 3 38.1 35.1 36.9 36.7 1.068

7 45.2 44.9 47.9 46.0 1.168

28 54.2 50.8 55.5 53.5 1.716

90 54.3 53.3 57.4 55.0 1.512

F30C15L35 3 38.4 39.8 42.4 40.2 1.435

7 53.1 52.8 55.5 53.8 1.046

28 59.7 61.7 63.1 61.5 1.208

90 64.8 68.1 65.7 66.2 1.206

F50C15L35 3 26.6 28.0 26.1 26.9 0.696

7 40.9 44.2 41.8 42.3 1.206

28 53.5 55.2 55.7 54.8 0.815

90 53.9 58.0 57.0 56.3 1.512

OPCL30 3 66.9 70.8 65.7 67.8 1.885

7 67.8 71.8 70.1 69.9 1.420

28 77.8 80.0 78.3 78.7 0.815

90 81.9 79.8 82.5 81.4 1.002

OPCL35 3 64.1 61.1 62.0 62.4 1.089

7 67.2 69.2 69.4 68.6 0.860

28 71.4 74.8 73.7 73.3 1.227

90 71.7 76.4 76.6 74.9 1.961

OPCL40 3 44.0 47.2 47.7 46.3 1.420

7 50.2 53.6 49.5 51.1 1.551

28 61.7 65.1 62.8 63.2 1.227

90 64.2 67.1 68.2 66.5 1.461

Water curing

F10C15L35 3 42.7 42.9 44.3 43.3 0.616

7 49.9 50.8 53.2 51.3 1.551

28 59.1 58.4 62.5 60.0 1.551

90 61.0 62.1 65.6 62.9 1.699

OPCL35 3 59.9 62.8 62.1 61.6 1.070

7 68.0 67.8 70.0 68.6 0.860

28 76.2 80.1 79.8 78.7 1.535

90 81.6 84.5 86.2 84.1 1.645

Combined curing

F10C15L35 3 42.7 42.9 44.3 43.3 0.616

7 49.7 51.1 51.6 50.8 0.696

28 63.8 64.2 68.5 65.5 1.843

90 69.1 74.0 70.2 71.1 1.818

Table 3.  (Continued)

Mixes days S1 S2 S3 mean SD

OPCL35 3 59.9 62.8 62.1 61.6 1.070

7 67.8 70.0 68.0 68.6 0.860

28 81.2 84.3 83.8 83.1 1.177

90 86.1 81.8 83.2 83.7 1.551

S=sample.
SD=standard deviation.
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of the OPC mortars at W/B of 0.3 mostly resulted 
from the autogenous drying shrinkage because of 
the shortage of water for hydration. However, the 
OPC mortars at medium W/B (0.35) had enough 
water for hydration so that the drying shrinkage 
was reduced by both autogenous drying shrink-
age and water loss. They had lower drying shrink-
age than that of the SFC mortars at W/B of 0.35 
(Figure  5(a)). In saturated lime water, the SFC 
mortars illustrated the lower expansion than that 
of OPC mortars when the high or medium W/B 
(0.4 or 0.35) was used. Such result could be attrib-
uted to the fact that the OPC mortars at high or 
medium W/B had more condensed microstructures 
than those of the SFC mortars at equivalent W/B. 

When the expansive AFt crystals were formed, the 
mortars with more condensed microstructure had 
higher expansion as cured in water. Such results can 
be also explained by the different roles of AFt for-
mation in the OPC and the SFC cements. Based on 
the results in Figure 5, the AFt formation essentially 
induced the expansion of the OPC mortars, and, 
however, the AFt formation in the SFC cement filled 
the micropores. On the other hand, the expansion 
of the SFC mortars at low W/B (0.3) was slightly 
higher than that of the OPC mortars with equiva-
lent W/B. Such result confirmed that the SFC mor-
tars with low W/B illustrated the more condensed 
microstructure than those of OPC mortars with the 
same W/B (Figure 2).

Figure 2.  Effect of W/B ratio on the compressive strengths of (a): SFC mortars with FFA/slag=10/90,  
cured in air at 27 °C and 65% RH and (b) OPC mortars, cured in air at 27 °C and 65% RH.

Figure 3.  Effect of curing condition on compressive strength of (a) SFC mortars with FF A/slag=10/90 and (b) OPC mortars.
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3.4. Microstructural analyses

The hydration products and the hydration 
mechanism of the SFC cement could be relatively 
described based on the microstructural examina-
tion by SEM (Figure 8) and XRD (Figure 9). The 
SEM micrographs show that, at early ages, the 
main hydration products were the ettringite (AFt) 
crystals and amorphous gels, such as the calcium 
silicate hydrate (C-S-H) or the calcium aluminum 
silicate hydrate (C-A-S-H) (26, 36–38). In this study, 
the AFt formation in the SFC cement likely com-
plies with both Type I and Type II AFt crystals, as 
described by Mehta (39). These Type I and Type II 
AFt crystals were also detected in Figure 8(b) and 

Figure 8(a), respectively. The early AFt formation 
detected in Figure 8(a) showed that, the FFA in the 
SFC cement was not only acted as the fillers but also 
the participants in the hydration. According to some 
authors (26), the dissolution of FFA particles could 
result from the increase in hydration heat of the 
slag. The early AFt, as formed in the mixture with 
the optimum ingredients, significantly increased the 
mechanical properties of the SFC cement because of 
the refined micropores by the increase of volume of 
these AFt crystals. With the increase in curing time, 
the increase in hydration of slag and/or FFA led to 
dissolved alkaline metals, such as sodium (Na) or 
potassium (K), and increase in the pH value. Such 
result could induce the changes of partial morphol-
ogy from AFt crystals to the mono-sulfate (AFm) 
phases (40) (Figure 8(b)).

The XRD patterns of pastes shown in Figure 9 
clarified the crystalline hydration products shown in 
the SEM images. The disappearances of the port-
landite, anhydrite, and lime peaks of the CFA, the 
reduced intensities of the mullite and quartz peaks of 
the FFA, and the appearances of the new hump and 
peaks in the specimens were the evidences of the dis-
solution of the raw materials. The hump at approxi-
mate 30° in 2θ occurred at both early and later ages, 
suggesting the amorphous C-S-H/C-A-S-H gels. In 
addition, the sharp peaks of the AFt crystals were 
observed obviously at all days. In this study, the 
higher amplitudes of AFt peaks were observed in 
case of sample cured in water suggesting the more 
AFt formation could be precipitated due to the rich-
ness of propagating water from curing environment. 
Such expansive AFt formation induced the expan-
sion of the specimens immersed in water as can be 
seen in Figures 5(b), (6), and 7(a). The condensed 
microstructure of the SFC paste with long curing 

Figure 4.  Effect of FFA amount on the compressive 
strengths of mortars with different fly ash contents.

Figure 5.  Effect of W/B ratio on the shrinkage/expansion of (a) SFC mortars with FFA/slag=10/90 and OPC mortars  
cured in the air and (b) SFC mortars with FFAslag=10/90 and OPC mortars cured in the saturated lime water.
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age was clarified by the increase in hump of gels. 
Moreover, the changes of AFt crystals to the AFm 
phases were proved by the reduction of AFt peaks 
at 28 days.

4. CONCLUSIONS

The satisfactory physical-chemical characteristics 
of the high performance pastes and mortars made 
by the SFC cement, comprised of ternary solid waste 
powders of ground granulated blast furnace slag, 
Class F fly ash (FFA) and CFBC fly ash (CFA), have 
been presented in this study. Such SFC cement could 
provide an alternative choice of binder for the con-
struction of infrastructure due to its good engineer-
ing properties and shrinkage/expansion.

Similar to the OPC cement, the SFC cement had 
most gain of compressive strength after 3 to 7 days of 
curing. The W/B, curing condition and FFA additive 
were the main parameters affecting the engineering 
properties of the SFC mortars. With lower water con-
sumption, the SFC mortars had lower compressive 
strengths than OPC mortars with high or medium 
W/B (0.4 or 0.35). However, as a low W/B (0.3) was 

Figure 6.  Effect of curing condition on tlie shrinkage/expansion 
of SFC mortars with FFA/slag =10/90 and OPC mortals.

Figure 8.  SEM images of  SFC paste F30C15L35 made by 
15 wt.% CFA, FFA/slag=30/70, and W/B=0.35 and cured in air 

at (a) 3 days with various magnification and (b) 28 days.

Figure 7.  Effect of FFA amount on the  
shrinkage/expansion of (a) mortars and (b) pastes.
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used, the SFC mortars could have comparable even 
higher compressive strengths with those of OPC mor
tars at all ages. The air curing and the combination of 
water curing followed by air curing were the prefer-
able regimes for the SFC cement, but the water cur-
ing was better for the OPC. The increase of  FFA 
up to 30 wt.%, as partial replacement of  the slag, 
delayed the compressive strength development of the 
SFC mortars at early ages but did not show a nega-
tive effect on the compressive strengths of the SFC 
mortars at later ages.

The shrinkage/expansion of the SFC mortars was 
mainly affected by W/B, curing condition, and FFA 
additive as well. The higher W/B led to higher drying 
shrinkage and the lower expansion. The FFA additive 

had negative effects on the shrinkage/expansion of the 
SFC mortars but showed benefits from reducing dry-
ing shrinkage of the SFC pastes. Through the results, 
a unit volume method has been proposed to design 
the durable composite materials, such as mortars and 
concretes.

The microstructural analyses by the scanning 
electron microscopy (SEM) and X-ray diffraction 
(XRD) showed that the main hydration products in 
the SFC cements are ettringite (AFt) and calcium 
silicate hydrate or calcium aluminum silicate hydrate 
(C-S-H or C-A-S-H). With the increase in hydration, 
the transformation of the AFt to the mono-sulfates 
occurred.
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