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Abstract

Portland cement blended Calcium Sulfoaluminate-belite (CSAB) cements were studied in order to improve its
binding properties and workability for specific applications. The binders consisted of calcium sulfoaluminate-
belite, Flue Gas Desulfurization-gypsum and Ordinary Portland Cement (OPC). In this research, effects of OPC
contents (25, 50, 75 wt%) as a CSAB replacement on hydration behaviors and physico-mechanical properties
of the binders were observed. Used CSAB cement was synthesized using industrial by-products viz., fly ash,
Flue Gas Desulfurization-gypsum, Al-rich sludge as starting materials via hydrothermal-calcination method.
The results revealed that the replacement of CSAB cement with OPC extended the setting times of pastes. The
reduction of hydration rate with higher OPC content was due to dilution of fast setting phases such calcium
sulfoaluminate and mayenite. Hydration products of calcium sulfoaluminate cement were ettringite responsible
for high early strength together with AI(OH),. From 6 h onwards, hydration of tricalcium silicate phase from the
OPC generated calcium silicate hydrate. Strétlingite was also found in low OPC content mix resulting from the
reaction between the AI(OH), and either alite phase in OPC or belite phase in CSAB cement. Ettringite could
also react with Al(OH), to generate monosulfate at later ages. The calcium sulfoaluminate phase was mainly
responsible for the early mechanical properties, while OPC played an important role to improve strength at
later ages.
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1 Introduction

Calcium Sulfoaluminate-belite (CSAB) cements are
recently received highly attention as an alternative
binder to Ordinary Portland Cement (OPC). This is not
only due to their low lime content, low calcination
temperature (1250°C) and the improved grindability,
but also the possibility of using a large amount of
industrial wastes materials, such as fly ash, red mud
and FGD-gypsum as raw materials [1], [2]. The
basic components of CSAB cement are calcium
sulfoaluminate (4Ca0.3AL,0,.S0;; C,A,S), dicalcium
silicate (2Ca0.Si0,; C,S), tetra calcium aluminoferrite
(4Ca0.Al,0,.Fe,0;; C,AF) and calcium sulfate
(Ca0.S0;; CS) with some aluminate phases as a
minority. The amount of each phases depends on the
composition and proportions of the raw materials used
for clinkerizaton [3], [4].

CSAB cements show a rapid hardening and
provides high early-age strength because of the rapid
formation of ettringite (C;A.3CS.32H; C,AS;H,,) and
aluminum hydroxide (AI(OH),); AH3) [5]-[7], which
arise from the hydration reaction between C,A,S and
calcium sulfate compound. Calcium sulfate compound
can be either in a form of anhydrite (CaSO,; CS) in the
synthesized cement or gypsum (CaSO,.2H,0; CSH,)
or the combination of the two phases, co-ground with
clinker after calcination. The long-term strength of
CSAB cement is contributed from the hydration of C,S
[8], which generates calcium silicate hydrate (C—S—H)
and calcium aluminosilicate hydrate (CASH) in a form
of stritlingite, and calcium hydroxide (Ca(OH),; CH).
This reaction is much slower than that of C,A.S.

Previous study of the authors [9] has shown a
successful production of CSAB cement from fly ash
and other industrial wastes (FGD-gypsum and Al-rich
sludge) using hydrothermal-calcination method. The
hydrothermal-calcination developed by Jiang & Roy
has been accepted to be energy saving pathway for
belite cement synthesis [10]. During its production,
this kind of cement releases less CO, than OPC clinker
for essential two reasons: the calcination temperature
is only 1050°C (1450°C for Portland cement) and the
lime content is lower. For the conditions employed in
previous work [9], CSAB cements and gypsum could
achieve fast setting and rapid hardening because of
its large surface area associated with highly reactive
phase such as mayenite phase (Ca,,Al;,05;; C,A,).

This could hinder the workability of cement slurry.

Portland cement is a hydraulic binder, obtained
from a clinkerization process of limestone, sand, clay
and iron ore. OPC mainly composed of five phases,
tricalcium silicate (3Ca0.Si0,; C,S), dicalcium silicate
(2Ca0.Si0,; C,S), tricalcium aluminate (3Ca0.Al,O;;
C;A), calcium aluminoferrite (4Ca0.Al,O,, Fe,0;;
C,AF) and calcium sulfate dihydrate (CaSO,.2H,0;
CSH,) [11]. After hydration, OPC exhibits good flow
ability (flow value of 110 + 5 at normal consistency),
slow setting and high later-age strength [12], [13].
These promising properties cannot be reached using
CSAB-based cement paste alone. For these reasons,
binary binders (OPC-CSAB cement) is considered an
interesting alternative for the improvement of CSAB
workability and properties.

Portland cement blended calcium sulfoaluminate-
belite cements are therefore considered to lever the
difficulty in workability as well as to improve the
mechanical properties. Concrete made using binary
and ternary binders can provide desirable properties
for particular purposes, such as reduction of total
heat evolution in massive structures, improvement of
durability and early strength modification above the
normal range [14], [15].

This research aimed to study the hydration
behaviors and physico-mechanical properties of the
Portland cement blended CSAB cement. The replacement
levels of CSAB cement with OPC as 25,50 and 75 wt%
were investigated in order to improve compressive
strength and to formulate slow setting/hardening of
binder system for specific applications.

2 Experimental Procedure
2.1 Raw materials preparation

Portland cement Type I (OPC), Synthesized CSAB
cement and FGD-gypsum (FGDG) were used as the
starting materials. The FGDG was required for the
hydration of calcium sulfoaluminate phase which
contained in CSAB cement. The median particle sizes
(ds,) of OPC, CSAB cement and FGDG are 16, 17 and
44 um, respectively.

The synthesized CSAB cements were synthesized
viahydrothermal-calcination method using a combination
ofindustrial wastes viz., fly ash (FA) and FGD-gypsum
(FGDG) from Mae Moh power plant in the north of
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Table 1: Chemical compositions of the used materials

Chemical Compositions (wt%)
Raw Materials
Sio, ALO, Fe,0, CaO Na,O K,O MgO MnO TiO, SO, LOI
OPC 21.75 5.32 3.28 64.42 - 1.02 0.16 0.30 3.75 n/a
CSAB 4.21 19.10 5.05 53.23 <0.01 <0.01 0.61 0.04 0.20 17.56 n/a
FGDG 1.26 0.12 0.39 47.81 - - - - 50.42 n/a

Thailand, and Al-rich sludge (AS) from aluminum
anodizing or powder coating industrial process of
Zodiac Aircatering Equipment (Thailand) Ltd., and
commercial grade hydrated lime (Ca(OH),; CH). FA,
FGDG, AS and CH were used as a source of SiO, and
Al,O5, SO;, Al,O5 and SO, and CaO, respectively. The
proportion of raw ingredients was 45% CH, 20% FA,
25% AS and 10% FGDG by weight. The raw mixes
were dispersed in deionized water with a liquid to solid
ratio of 7 by stirring at 250 rpm for 1 h. The suspension
was subjected to hydrothermal condition under
atmospheric pressure (1 bar) at 130°C for reacting times
of 3 h. After hydrothermal treatment, the suspension
was filtered and dried at 60°C for 24 h to remove
adsorbed water. The hydrothermal product was
calcined in an electric furnace at a temperature of 1050°C,
with a heating rate of 5°C/min and soaked at 1050°C
for 1 h. This was followed by rapid air cooling [9].

The chemical compositions of raw materials were
identified by X-ray fluorescence (XRF), are shown in
Table 1. The mineralogical compositions determined by
the X-ray diffraction (XRD) using Rietveld refinement
are given in Table 2. The synthesized CSAB cements
contained 76.2 wt% ye’elimite (C,A,S), 9.7 wt% B-C,S
and some of C,,A.,, C,AF and CS as minor phases. The
FGDG mainly contained calcium sulfate dihydrate
together with some anhydrite (2.5 wt%).

Portland cement blended CSAB cements were
produced by combining of CSAB cement, FGDG
and OPC. CSAB was replaced by OPC at levels
of 25, 50 and 75% by mass of dry solid and with a
sulfoaluminate/gypsum molar ratio of 3:1, which
presented in OPC:CSAB:FGDG mass ratios as 1.33:3:1,
4:3:1 and 12:3:1, respectively. The proportion of
cement mixes and water to binder (w/b) ratios of the
blended CSAB cements are shown in Table 3. PCO,
PC25, PC50, PC75 and PC100 were referred to the
blended mixtures with different OPC contents as 0,
25,50, 75 and 100%, respectively.

Table 2: Mineralogical compositions using Rietveld
refinement and characteristics of CSAB cement and
FGDG

Mineralogical Composition (wt%)
Phase =
CSAB FGDG

C,AS 76.2

C,S 9.7

CpLA, 6.9

C,AF 2.6 -
CS 3.6 2.5
CSH, - 97.5
C 0.8

MgO 0.2 -
Density (g/cm’) 2.55 2.92
Surface area (m*/kg) 1275 380

Table 3: Proportions of cement mixes for blended
CSAB cements

Proportion of Raw Mixes (wt%) Flow
Symbol CSAB Cement w/b Ratio| Value
csae | ranG | € (mm)
PCO 75.00 25.00 0 0.80
PC25 56.25 18.75 25 0.80
PC50 37.50 12.50 50 0.65 135+2
PC75 18.75 6.25 75 0.45
PC100 - - 100 0.45

2.2 Mixing procedures

The experiments were performed at 25°C. The water/
binder ratios (w/b) were varied from 0.45 to 0.80 for
cement paste preparation. Flow of cement mixture
slurry was kept constant as 135+2 mm. To prepare
samples, cement mixes were gradually sipped into
water and mixed with 150 rpm mixer for 2 min to
obtain homogenous slurries. After mixing, the mixtures
were cast in 2.5%2.5%2.5 cm® of acrylic cube mold.
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The specimens were demolded in 6 h and cured in
a humidity chamber at 20°C £+ 5 and 95% relative
humidity until a day of testing.

2.3 Sample characterization and testing
2.3.1 Isothermal Conduction Calorimetry (ICC)

Heat flow of each blended cement mix after hydration
was measured using isothermal heat conduction
calorimeter (I-CAL 4000). 30 g of the blended cement
powders were used. W/b ratios of the blended cement
mixes were varied from 0.45 to 0.80 according to
sample preparation as mentioned above.

2.3.2 Setting time and compressive strength test

Cement pastes were prepared with varied water to
binder ratios as mentioned above. The setting time tests
were performed on the blended samples by allowing a
1-mm Vicat needle to settle into the paste. The initial
setting time was the time elapsed between the initial
contact of cement and water and the time when the
needle penetration was measured to be 25 mm. The
final time of setting was the time elapsed between
initial contact of cement and water and the time when
the needle did not leave a complete circular impression
in the paste surface.

After the specimens were cured for 6 h, 12 h,
1, 3,7, 28 and 90 d, the compressive strengths were
tested using an unconfined compression machine with
a maximum load of 100 kN. The loading rate of the
machine was 5 mm/min. Three specimens were used
for each test and the setting times and strengths were
averaged.

2.3.3 X-ray Diffraction (XRD)

In order to investigate mineralogical compositions of
the samples, 10 g of each mix was prepared and stored
in 25 ml polyethylene cup and kept at 20°C for 6 h, 1, 7
and 28 d. Prior to XRD, the pastes were crushed, placed
in ethanol for 24 h followed by drying at 40°C for 24 h
in order to stop hydration. All samples were ground to
obtain particles pass sieve No. 100. The instrument was
operated under 40 keV and 30 mA, the step size 0.02°/6 s.
The powdered samples were scanned between 5° and
60° (20) with the X’Celerator detector.

2.3.4 Scanning Electron Microscopy (SEM)

For scanning electron microscopy (Hitachi S-3700N),
hydration of samples was stopped by immersing the
samples in ethanol solution for 24 h followed by drying
at 40°C for 24 h before vacuum impregnation in epoxy
resin. The microscope was operated at 15 kV for the
acquisition of backscattered electron images and EDX
semi-quantitative analyses were used to quantify the
main phases. PC25 sample at 28 d of curing was chosen
for elemental distribution analysis using an electron
probe micro-analyzer (INCAWave 5001 WDS) for
the generation of the elemental maps. This method
was based on the segmentation of grey levels from
backscattered electron images.

3 Results and Discussion
3.1 Hydration behavior

Heat flow curves of pure CSAB, blended CSAB and
pure OPC are shown in Figure 1. The heat flow curve
during the initial period of hydration (0—1 h) was
very immense and sharp while curve during the main
hydration period (1-12 h) was smaller and broad.
First and second peaks of CSAB cement (PC0) were
developed very rapidly designating the development of
ettringite via dissolution and precipitation from C,ASS
and C,,A, according to Eq. (1) [6], [7] and Eq. (2) [16],
respectively. For PCO [Figure 1 (a)], the third peak of
heat release occurred within only 2 h due to a further
rapid dissolution of C,A,S after sulfates in solution
have been depleted due to the initial reaction resulting
in the formation of monosulfate (C,A.CS.12H;
C,ASH,,) according to Eq. (3) [17]. Heat flows of the
blended CSAB mixes during 1 d showed significantly
different heat release with different OPC contents from
pure CSAB cement as given in Figure | (b). It can be
seen that the heat flow decreased during the first hours
with an increase in OPC contents. The heat flow curves
of PC25 and PC75 showed three peaks suggesting
a more complex hydration evolution of the blended
system with the formation and conversion of hydration
products. First peak took place very rapidly and second
one had a maximum heat flow around 36 and 60 min,
and the third peaks were approximately 6 and 10 h for
PC25 and PC75, respectively. It should be noted that
the partial replacement of CSAB cement with OPC
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Figure 1: Heat flow curves of (a) PCO, (b) PC25 and
PC75 and (¢) PC100.

could delayed the hydration reaction of the blends.
For the blended cement, the third peak of heat
release was obtained from hydration of OPC components
such alite (C;S) and aluminate (C;A) , which resulted
in a broad exotherm and was similar to OPC heat flow
curve as given in Figure 1 (c). According to Egs. (4)
and (5), C;S and C,A phases were rapidly hydrated,
leading to the formation of C—S—H and ettringite,
respectively. The C;S and C;A hydration underwent in

parallel until the mixture was run out of sulfate ions
in the pore solution, indicated by the sulfate depletion
peak. The sulfate depletion peak relevanted to the
renewed hydration of C;A occurred much later in the
OPC, at around 15 h, compared to the PC75 and PC25,
respectively. This was due to a decrease in sulfates ions
in pore solution, which could accelerate the hydration
of pastes.

C,A,S +2CSH, + 34H — C,ASH,, + 2AH, (1)

CpA, + 12CSH, + 113H — 4C,ASH,, + 3AH;,  (2)

C,A,S + 18H — C,ASH,, + 2AH, (3)
C,S+(1.5+x)H— C,;SH+ 1.5CH 4)
C,A + 3CSH, + 26H — C,AS,H,, (5)

3.2 Setting time and compressive strength

Table 4 presents the initial and final setting times of the
blended CSAB cements. The extendible time of binder
was obtained from the presence of OPC. The initial setting
values of PCO, PC25 and PC75 were 11, 22 and 65 min,
respectively. The setting times of the cements were
delayed as results of a reduction of early hydration phases
such C,A;S and C12A7 with a replacement of OPC.

Table 4: Setting times of CSAB, blended CSAB and
OPC cement pastes

Initial Setting Time | Final Setting Time
Sample . .
(min) (min)
PCO (CSAB) 11 24
PC25 22 46
PC50 35 80
PC75 65 110
PC100 (OPC) 289 540

The variation of the OPC content provided a
strong impact on the early hydration kinetics of the
cement at constant C,A,S/CSH, ratio. The molar ratio
of C,A,S/CSH, was 3:1 at which the CS molar ratio
was less than the requirement as stated in Eq. (1). At
early hydration time (6 h-3 d), PC50 and PC75 could
give higher compressive strength than PCO and OPQ

as shown in Figure 2. It was mainly due to C,A,S
hydration to form ettringite according to Eq. (1). With
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Figure 2: Compressive strength of CSAB, blended
CSAB and OPC pastes with different curing times.

the presence of CH from OPC hydration, ettringite
could be produced more massively when compared
to pure CSAB (PCO0) according to Eq. (6) [18]. In
addition, the high early strength of the blends was
due to the presence of C;S (OPC main component)
that could give C—S—H as a hydration product after
1 d of hardening [Eq. (4)]. According to Eq. (5), the
additional ettringite could be formed from the C,A
hydration. However, after 7 days of hardening, the
higher OPC content (PC25 and PC50) showed lower
compressive strength than PCO and PC100 caused by
areduction of CSAB content. An increased fraction of
OPC (PC75) resulted in a higher volume of calcium
silicate hydrate and thus a lower porosity and a higher
compressive strength. OPC could also play a role on
late hydration with 75 wt% OPC content because it
contained C2S for late hydration reactions that formed
C—S—H according to Eq. (7).

C,A,S +8CS + 6CH + 90H — 3C,AS;H,, (6)
C,S + (0.5 + x)H — C, ;SH,+ 0.5CH (7

Thus, the development of early strength in the
binder was due to the hardening of ettringite from
the hydration reaction of C,A,S with gypsum and of
Portland cement components (C;S and C;A) while
later age strength development was ascribed to the
formation of C—S—H from the hydration reaction of
additional C,S from OPC blending. However, early
strengths gained from PC75 sample which was cured at
1-3 days were behind when compared to Trauchessec’s
finding but the later strength could be comparable [19].

This was due to the different starting cementing phases
used in these experiments, such as type of calcium
sulfate compound, C,A,S percentage and OPC content.

3.3 Phase composition of hydrated CSAB-cement
blends

The changes of phase compositions of PC25 and PC75
with different curing time were determined by XRD as
shown in Figure 3. After 6 h of hydration, ettringite was
formed together with some AH3 from the hydration
reaction of C,A,S with gypsum. The amount of
ettringite in PC25 pastes was higher than PC75
with an increase in curing times due to dilution of
calcium sulfoaluminate phase. C,S was consumed
at 6 h of hydration producing C—S—H in association
with portlandite (Ca(OH),; CH) according to Eq. (4).
Stritlingite started to form rapidly after 1 d as a result
of the chemical reaction between the C;S and AH,,
in agreement with [19], which could be explained
using Eq. (8). C,S involved in the stritlingite-forming
reaction as shown in Figure 3 (a). The amount of AH,
was the limiting factor for the formation of strétlingite.
When OPC content was increased, in other words,
a low CSAB, resulted in a lower ettringite and AH,
contents. This directly influenced the formation of
stritlingite. Its occurrence is in blends of hydrated
Portland cement with high alumina and silica. It plays
a great role on strength development of high alumina
cements [20].

In addition, no strétlingite was found in PC75
pastes [Figure 3 (b)]. There was a finding with the
hypothesis about high stability of stréitlingite with an
absence of CH [20], [21]. It was also proven that with
higher OPC content implying to higher Ca(OH), content,
stratlingite could not be formed. Ca(OH), which was
a byproduct of alite and belite hydration was found
up to 28 d of curing time. At 7 d of curing, ettringite
reacted further with AH, to generate monosulfate
because of the depletion of gypsum according to Eq. (9).
Aright proportion of these hydration products (ettringite,
C—S—H and stritlingite) provided the binding matrix
with high compressive strength for the CSAB blends.

C,S + AH, + 6H — C,ASH; + CH (8)

C,ASH,, + 2AH, — 3C,ASH,,+ 2H 9)
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Figure 3: XRD patterns of (a) PC25 and (b) PC75 blends after 6 h, 1, 7 and 28 d of curing.
NOTE: Y: Ye’elimite (C,A,S) G: Gypsum (CSH,) E: Ettringite (C,AS,H,,)

M,,: Monosulfate (C4ASH12) P: Portlandite (CH) Ts: Tricalcium silicate (C,S) L: Larnite (C,S)
Cs: Calcium silicate hydrate (C, ;SH,) Gb: Gibbsite (AH;) S: Stratlingite (C,ASHj)

Figure 4: Backscattered electron image and WDS elemental mapping of PC25 paste at 28 d of curing.
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3.4 Microstructure and elemental mapping of
blended cement

Backscattered electron images clearly show phase
development of PC25 at 28 d of hardening, as shown in
Figure 4. From WDS elemental mappings, the presences
of ettringite (Aft) and leftover C,S phase were confirmed
[14], [22]. The dark grey areas consisted of Al in
high level, and Ca and S in lower level. These areas
were derived from ettringite phase formation, from
the hydration of C,A,S [14]. The lighter grey areas
contained high level of Ca and lower level of Si. In
these areas with C,S phase as a reference, no Al and S
were found [22]. It should be noted that in OPC blended
CSAB cement with a high proportion of CSAB cement
such a PC25, OPC hydration mainly occurred after
several days and the leftover C,S was still found at 28 d.
While C,A,S phase was responsible for the hydration of
the binder and almost fully consumed at 1 d [Figure 3 (a)],
no C,A,S was found at 28 d of hydration.

4 Conclusions

The variation of the OPC content had strong influence
on the hydrated assemblage of the binary binders.
Based on this study, the following conclusions could
be drawn as follows;

e With low OPC content (25 wt%), an increase in
hardening speed was due to a rapid ye’elimite
hydration occurring within the first 6 h that
formed mainly ettringite and aluminium
hydroxide. This early hydration reaction
resulted in high early strength with value up
to ~10 MPa measured at 6 h. After 6 h, C,S
from the OPC started to be hydrated resulting
in formation of C—S—H and strétlingite, while
ettringite reacted with aluminium hydroxide to
generate monosulfate at later ages.

e With higher OPC contents (50 and 75 wt%), the
hardening speed was lowered. OPC underwent
hydration during the first days and almost fully
consumed at 28 days. Ye’elimite hydration in
the presence of calcium hydroxide (from OPC
hydration) could provide additional ettringite.
Monosulfate could be formed from the reaction
between ettringite and aluminium hydroxide,
indicating a lack of gypsum. No strétlingite was
found in these pastes as the stritlingite was

only stable in the absence of calcium hydroxide
indicating the left over calcium hydroxide and
insufficient aluminium hydroxide. The high
fraction of OPC resulted in a higher volume
and variety of the hydrated phases and thus
lower porosity and higher compressive
strength. Not only strength improvement, but
the blended systems also provided the better
workability allowing to be practically used.
According to this laboratory experiments, the
calcium sulfoaluminate phase was mainly responsible
for the early mechanical properties, while ordinary
Portland cement played an important role at later
ages. This binder can be used in various applications
depending on the desired properties. The results
pointed out low OPC content (25 wt%) as the best
proportion to be used in mortars for engineering
applications where rapid setting (46 min) and high
early strength are needed. However, if the increment
of working time on the construction sites and high
strength development are demanded, high OPC content
(75 wt%) is the best option.
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