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Abstract.  The synergistic interactions of supplementary cementitious materials (SCMs) with ordinary 

portland cement (OPC) in multi-blended systems could enhance the mechanical and durability properties of 

concrete and increase the amount of cement that can be replaced. In this study, the characteristics of the 

hydration products as well as paste microstructure of blended cement containing 20% coal fly ash, 10% rice 

hull ash and 10% sugar mill lime sludge in quaternary blended system was investigated. Portlandite content, 

hydration products, compressive strength, pore size distribution and microstructural architecture of hydrated 

blended cement pastes were examined. The quaternary blended cement paste showed lower compressive 

strength, reduced amount of Portlandite phases, and higher porosity compared to plain hardened cement 

paste. The interaction of SCMs with OPC influenced the hydration products, resulting to the formation of 

ettringite and monocarboaluminate phases. The blended cement paste also showed extensive calcium silicate 

hydrates and calcium aluminate silicate hydrates but unrefined compared to plain cement paste. In overall, 

the expected synergistic reaction was significantly hindered due to the low quality of supplementary 

cementitious materials used. Hence, pre-treatments of SCMs must be considered to enhance their reactivity 

as good quality SCMs can become limited in the future. 
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1. Introduction 
 

The use of supplementary cementitious materials (SCMs) such as coal fly ash (CFA), limestone 

powder, steel slag, silica fume, meta-kaolin clay and biomass ashes in the production of cement 

and as partial replacement to cement in concrete has received considerable attention nowadays. 

This is because the utilization of SCMs could significantly lessen the environmental impact of 

cement and concrete production by providing alternative solution to the disposal problems of 

SCMs and by reducing CO2 emissions (Juenger and Siddique 2015). Moreover, SCMs can 
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improve the mechanical and durability properties of concrete (Nadeem et al. 2013, Ferraro and 

Nanni 2012). A study by Chore et al. (2015) showed that fly ash mixed with cement at 7.5% 

increases concrete strength up to 46.81 N/mm
2
 at 7 days curing. 

One of the focus researches recently is the interactions of SCMs with OPC in multi-blended 

systems. SCMs have synergistic interaction with OPC that results into the improvement of the 

mechanical and durability properties of concrete and thereby increasing the amount of cement that 

can be replaced (Juenger and Siddique 2015, Kathirvel et al. 2013). Recent studies on multi-

blended systems which reported significant improvement in terms of strength and durability of 

cement mortar in ternary blended systems include OPC, rice hull ash (RHA) and CFA 

(Chindaprasirt and Rukson 2008); OPC, limestone filler and blast-furnace slag (Menendez et al. 

2003); OPC, CFA and limestone powder (De Weerdt et al. 2011); OPC, RHA, and Silpozz (Panda 

et al. 2015) and in quaternary blending of OPC, CFA, RHA and limestone powder (Kathirvel et al. 

2013). Moreover, CFA is widely accepted to contribute in the improvement of strength 

development in the later stage since it will react slowly in the formation of calcium aluminate 

precipitates (De Weerdt et al. 2011). The incorporation of CFA also produces filler and dispersing 

effects and increases the nucleation and precipitation sites (Chindaprasirt and Rukson 2008). 

Limestone powder, on the other hand, could offset the compromise of early strength development 

caused by CFA as it acts as nucleation site for CSH during the hydration of cement (De Weerdt et 

al. 2011). Lastly, RHA also have filler effect due to its fine particle size (Chindaprasirt and 

Rukson 2008) and its pozzolanic action could result in the formation of more calcium silicate 

hydrates (CSH) gel (Kathirvel et al. 2013).  

In Northern Mindanao, Philippines, among the SCMs that are widely available and posed huge 

potential in the development of eco-cement material include CFA from coal fired power plants, 

sugar mill lime sludge (SMLS) from sugar milling companies and RHA from the rice production 

areas. Recent studies revealed that up to 30-40% and 10-20% of OPC could be replaced by coal fly 

ash and lime powder, respectively, without any deleterious effect on the strength properties of 

concrete (De Weerdt et al. 2011). Specifically, sugar mill lime sludge essentially contains lime as 

major constituent. In the case of RHA, there is a general consensus in the literature that RHA 

could be used up to 10-20% as partial replacement to cement (Ferraro and Nanni 2012, 

Madandoust et al. 2011, Chindaprasirt and Rukson 2008). However, studies investigating the 

strength and microstructural properties of hardened cement paste in quaternary blended systems 

are very limited particularly on the use of CFA, RHA and SMLS.  

In this context, this paper aims to determine the compressive strength and microstructural 

properties of hardened cement paste blended with higher replacement percentage of SCMs. In this 

study, a 2:1:1 blending ratio of CFA, RHA and SMLS was employed based on the results from a 

recent study of Kathirvel et al. (2013). The quaternary blended hardened cement paste at different 

curing periods was tested for Ca(OH)2 content, pore size distributions, compressive strength 

development in comparison with the reference portland cement. In addition, the hardened blended 

cement pastes were examined for crystalline hydration products using X-ray diffraction (XRD) 

analysis and for the microstructural and elemental composition of hydration products using Field 

Emissions Scanning Electron Microscope (FE-SEM) and electron microprobe analyzer (EPMA), 

respectively. 

 

 

2. Materials and methods 
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Fig. 1 Particle Size Distribution of Ordinary Portland Cement (OPC), coal fly ash (CFA), rice hull 

ash (RHA), sugar mill lime sludge (SMLS). Note: diamond: CFA; square: RHA; triangle: SMLS; 

circle: OPC 

 
Table 1 Chemical composition of Ordinary Portland Cement (OPC), coal fly ash (CFA), rice hull ash (RHA) 

and sugar mill lime sludge (SMLS) 

Elemental content, (%) OPC SMLS RHA CFA 

SiO2 21.872 8.67 95.983 23.903 

TiO2 0.288 0.031 0.026 0.592 

Al2O3 5.231 2.321 0.12 9.093 

Fe2O3 2.679 0.874 0.168 28.451 

MnO 0.091 0.055 0.186 0.28 

MgO 1.519 2.367 0.467 9.74 

CaO 67.398 84.205 0.437 23.279 

Na2O 0.489 0.257 0.342 0.284 

K2O 0.481 0.296 1.107 0.582 

P2O5 0.227 0.156 0.534 0.062 

SO3 2.146 0.667 0.016 2.966 

Loss on Ignition (LOI) 3.0 46.10 9.231 15.997 

 
 
2.1 Materials 

 

Appropriate amounts of OPC, CFA, RHA and SMLS were collected and prepared prior to their 

utilization. Coal fly ash was collected from coal power plant at Villanueva, Misamis Oriential, 

Philippines, while the SMLS was collected from a sugar milling company at Butong, Quezon, 

Bukidnon, Philippines. In the case of RHA, rice hull samples were collected first from a local rice 

mill in Bukidnon, Philippines and were burned in a furnace at 700°C. The SCMs were prepared 

first by oven drying (if necessary) and followed by grinding using ball mill prior to blending. The 

particle size distributions of SCMs were measured using the particle size analyzer and is shown in 

Fig. 1. All the SCMs used were finer than OPC. The chemical composition of SCMs used in this 

study was analyzed by X-ray fluorescence (XRF). Table 1 summarizes the chemical composition  
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Fig. 2 Mineralogical Composition of Ordinary Portland Cement, CFA, RHA, SMLS. Note: 1: Lime 

(CaCO3); 2: Quartz (SiO2); 3: Hematite (Fe2O3); 4: Ferro Magnesian (Fe2MgO4); 5: Alite (C3S); 

6:Belite (C2S); 7:Tricalcium Aluminate (C3A); 8: Brownmillerite (C4AF); 9: Calcium Oxide (CaO) 

 

 

of OPC, coal fly ash, rice hull ash and sugar mill lime sludge. CFA is classified as Class C fly ash 

of lignite origin with exceptionally high Fe and C content. The high LOI values of CFA and RHA 

indicates that they contained significant amount of unburnt organic matter while the SMLS may 

contain high amount of hydrates, labile hydroxy-compounds, carbon dioxide from carbonates and 

sugar residue. The mineralogical characteristics of the SCMs were analyzed through X-ray 

diffraction (XRD) (see Fig. 2). The measurement conditions of the XRD were a scanning range of 

2θ from 5 to 70° at 40 kV, 20 mA, step width 0.02°, and a scanning speed of 2°/min and using a 

Cu α radiation X-ray diffractometer. The main mineralogical components of SCMs used in this 

study were amorphous phase for CFA and RHA and lime for SMLS. Magnetite and 

brownmillerite were also present in CFA samples as major crystalline phases. 

 

2.2 Blended cement paste preparation 
 

The quaternary blended cement paste was prepared by replacing forty (40) percent of OPC with 

SCMs using a blending ratio of 2:1:1, i.e., 20% CFA, 10% RHA, and 10% SMLS. Cement and 

SCM powders were mixed together in a cement paste mixer at room temperature until 

homogeneity of the mixture was obtained. Water was then added during mixing at low speed for 

90 s using a water-to-cementitious materials ratio (w/cm) of 0.5. The paste was further mixed with 

high speed mixing for 120 s to ensure uniform dispersion of the cementitious particles. After 

mixing, the fresh cement paste was cast in cubic molds (25×25×25 mm). The molds were carefully 

sealed to prevent evaporation of water and stored at 25°C and above 90% relative humidity. The 

samples were demolded after 24 hrs and cured in water at 25°C inside an oven at 3, 7, 28, 90 days 

duration. 

 

2.3 Hardened cement paste preparation prior to analysis 
 

When the required curing ages were reached, the hydration reaction of the cement paste was  
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(a) (b) 

Fig. 3 XRD pattern of hydrated OPC (A) and hydrated blended OPC (B) at different curing days. Note: 

(A) - 1: Portlandite; 2: Monocarbonate; 3: Hemicarbonate; 4: Ferrite; 5: Lime; 6: Alite (C3S) & Belite 

(C2S) (B) - 1: Portlandite; 2: Ettringite; 3: Monocarboaluminate; 4: Lime; 5: Alite (C3S) & Belite (C2S); 

6: Quartz; 7: Hematite; 8: Brownmillerite 

 

 

stopped by crushing the paste specimens into pieces of about 3-5 mm size. The samples were 

obtained by breaking the hardened cement paste. Representative samples were taken from the 

middle of the specimen and were immersed in isopropanol for 24 h. After that, the ground samples 

of hardened cement paste were freeze dried and placed in a vacuum desiccator prior to any 

analysis. 

 

2.4 Experimental methods 
 

2.4.1 XRD analysis 
The mineralogical characterization of hardened cement pastes blended with SCMs and the 

reference material was examined at 3, 7, 28 and 90 days of curing age. The scanning range of 2θ 

were from 5 to 70° at 40 kV, 20 mA, step width 0.02°, and a scanning speed of 2°/min and using a 

Cu α radiation X-ray diffractometer. 

 

2.4.2 TG-DTA analysis 
Thermo-gravimetric analysis was carried out for hardened cement pastes samples at different 

curing age. The sample was heated from room temperature to 1000°C at a heating rate of 

10°C/min under a nitrogen atmosphere. The thermogravimetric (TG) signal was used to calculate 

the weight loss during heating and to estimate the content of Ca(OH)2 (CH) and carbonated 

phases. The Ca(OH)2 content was calculated from the weight loss between 450 and 580°C. 

 

2.4.3 Compressive strength determination of hardened cement paste 
Three cubes were tested for each sample at the given curing age by using compression testing 

machine with 1000 kN capacity. Each strength value was an average of three specimens. 

Compressive strength of 25 mm cube specimens was determined at 3, 7, 28, and 90 days. 

 

2.4.4 Microstructure of hardened cement paste 
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(a) (b) 

Fig. 4 TG-DTA pattern of hardened cement pastes after 3 (A) and 90 (B) days of curing. Note: Solid 

line: DTG-OPC; Dash line: DTG-Blended; Square dot: TG-OPC; Round dot: TG-Blended 

 

 

Microstructure and hydration products of crushed hardened cement pastes were examined with 

scanning electron image (SEI). The SEI of the broken surface of the hardened cement was 

observed by field emission-scanning electron microscope (FE-SEM). The back scattered electron 

image (BEI) of the polished surface of hardened cement pastes and reference portland cement 

paste cured for 90 days was observed by electron probe microanalysis (EPMA). The pixel size was 

20 μm and the acceleration voltage was 15 kV with a counting interval of 50 ms. In addition, 

mercury intrusion porosimetry (MIP) was utilized to determine the pore size distribution of the 

hardened cement pastes cured for 3, 7, 28, and 90 days. 

 

 

3. Results and discussion 
 

3.1 XRD analysis hardened cement pastes 
 

The peaks corresponding to CH with high intensities were observed as the major hydration 

products of hydrated OPC samples in the absence of SCMs as shown in Fig. 3. The CH intensity 

increases as the curing days progresses. Monocarbonate and hemicarbonate phases were also 

observed as hydration products in unblended samples. In contrast, the quaternary blended cement 

pastes showed lower CH intensities with only a slight increase in intensity after 90 days of curing. 

The significant reduction of CH intensity suggests that CH reacts with silica from RHA in which 

the pozzolanic action of RHA resulted in the formation of more CSH. The dilution effect could not 

be ruled out as well. In addition, ettringite and monocarboaluminate phases were observed as 

hydration products in cement pastes quaternary blended which could be attributed to CFA 

reaction. The variations of hydration product between the reference hardened OPC cement paste 

and blended OPC with SCMs were probably influenced by the balance between available alumina 

on one hand, and carbonate and sulfate on the other (Winter 2012). The presence of limestone for 

example leads to the formation of carboaluminate hydrates which was also reported in previous 

study by De Weerdt et al. (2011). The presence of non-reactive crystalline phases of hematite and 

quartz in the hardened blended cement paste is attributed to CFA as source material.  
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3.2 Thermogravimetric analysis 

 

Fig. 4 shows the TG-DTA pattern of hardened cement pastes after 3 (A) and 90 (B) days of 

curing. Three step mass loss transitions can be observed clearly in hardened cement pastes blended 

with SCMs compared to plain cement paste. The mass loss at 105-450°C could be attributed to the 

dehydration of ettringite, CSH and calcium aluminate silicate hydrates (CASH). The second step 

mass loss between 450 and 580°C corresponds to the dehydration of Ca(OH)2 while the third step 

at 580 and 1000°C showed the mass loss of calcium carbonate (CaCO3) (Kroehong et al. 2011). 

The peak in the DTG pattern corresponding to CH dehydration of blended cement pastes showed a 

significant decrease from 95 ug/min after 3 days of curing to 75 ug/min after 90 days of curing. 

The decrease in CH could indicate a change in the nature of the hydration products formed which 

was confirmed in the XRD pattern and similar to the reported results of De Weerdt et al. (2011). 

Mass loss of ettringite, CSH and CASH, which were produced from OPC and even RHA, also 

created a peak on the DTG graphs of both plain OPC and blended samples. Also, the DTG peak 

corresponding to the mass loss of calcium carbonate was highly prominent in blended samples 

which could be attributed to lime sludge addition. The presence of calcium hydroxide (Ca(OH)2), 

which could have been produced from interactions with lime, CFA, and OPC, was visible in the 

blended samples although it is higher in plain OPC samples.  

 
3.3 Compressive strength 

 

Fig. 5 presents the compressive strength of hardened cement paste with and without SCMs 

under different curing days. The compressive strength of quaternary blended and plain cement 

paste increased with increasing curing period from 3 to 90 days and ranged from 11-49 MPa and 

22-70 MPa, respectively. Although the compressive strengths at different curing periods of 

hardened cement paste blended with SCMs were lower compared to unblended samples, the 

percentage compressive strength of blended samples with the plain cement paste increased from 

50% at 3 days to 70% after 90 days of curing period. The lower compressive strength of SCM 

blended cement paste may be attributed mainly to dilution effect caused by higher replacement of 

OPC with SCMs and the slow pozzolanic reactivity of the SCMs (De Weerdt et al. 2011) coupled  

 
Fig. 5 Compressive strength of blended and plain hardened cement paste. Note: Round dot with solid 

line: Plain cement paste; Square dot with dash line: Blended cement paste 
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(a) (b) 

  
(c) (d) 

Fig. 6 FE-SEM images of hardened cement paste microstructure without SCMs after 3 days (a) and (b); and 

90 days (c) and (d) of curing 

 

 

with a higher water to cementitious ratio of 0.5. The filler effect of the SCMs used is not 

significant in increasing the compressive strength for higher water to cementitious ratio of greater 

than or equal to 0.5 (Wang 2017). The water-cement ratio highly affects the compressive strength 

due to its relationship with the amount of residual space i.e., capillary porosity, in the cement 

paste. Thus, adding more water leads to a more diluted cement paste that is weaker and vulnerable 

to cracks (Wong and Buenfeld 2009). However, the consideration of lower water to cementitious 

ratio which is a more rational option is beyond the scope of this study. 

 

3.4 Microstructure of hardened cement pastes 
 

3.4.1 FE-SEM observations 
FE-SEM images of hardened cement paste with and without blended SCMs were taken after 3 

and 90 days of curing are shown in Figs. 6 and 7. After 3 days of hydration, the plain cement 

pastes exhibited the general microstructural morphology of hardened cement paste. Extensive CSH  
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(a) (b) 

  
(c) (d) 

Fig. 7 FE-SEM images of the quaternary blended cement paste microstructure after 3 days (a) and (b); and 

90 days (c) and (d) of curing 

 

 

growth and ettringite needles were visible in addition to large portlandite crystals. The CSH 

network was more well-defined after 90 days while the ettringite and portlandite crystals were 

more evident. In contrast, the blended cement pastes after 3 days of curing showed unhydrated to 

partially hydrated SCMs grains and gel-like structures around the cement grains. These findings 

indicate a slow hydration process in SCM blended cement paste compared to plain cement paste. 

After 90 days of hydration, the blended cement paste already showed extensive CSH, CASH and 

portlandite growth but not well refined compared to plain cement paste. Also, gel-like structures 

around the CFA grain can be clearly seen including an area in which an active hydration process 

can be observed. This result suggests the slow reactivity of coal fly ash commonly reported in 

previous study of Hanehara et al. (2001). Calcium silicate hydrates particles can be observed also 

to fill the empty space in interfacial transition zone of cement paste that exists between cement 

grain and CFA particle.  

On the other hand, the BEIs of polished surface of hardened plain cement paste (A) and 

blended cement paste (B) cured for 90 days are shown in Fig. 8. The brighter colored images  
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(a) 

Fig. 8(a) BEI of polished surface of hardened plain cement paste (A) after 90 days of curing. Note: C-

H: Ca(OH)2; C-S-H: Calcium silicate hydrate; U: unhydrated cement 

 

 
(b) 

Fig. 8(b) BEI of polished surface of blended hardened cement paste (B) after 90 days of curing. Note: 

C-H: Ca(OH)2; C-S-H: Calcium silicate hydrate; f: coal fly ash; U: unhydrated cement; m: AFm 

phases 

 

 

could correspond to unhydrated cement grain. Partially hydrated cement paste surrounding an 

unhydrated core can also be observed. The relatively darker color relates to hydration products that 

may correspond to CSH and AFm phases. On the other hand, the blended cement paste showed 

many fly ash particles with clear borders. Calcium silicate hydrates and CASH phases were also 

evident but the microstructure was less dense compared to plain cement paste. Generally, the 

reaction of most SCMs is slower and difficult to follow as many SCMs consist of amorphous 

materials (Lothenbach et al. 2011). 

298



 

 

 

 

 

 

Microstructural properties of hardened cement paste blended… 

  
(a) (b) 

Fig. 9 Pore size distribution of plain (A) and blended (B) hardened cement paste. Note: Solid line: 3 

days; Round dot: 7 days; Square dot: 28 days; Dash line: 90 days 

 

 
Fig. 10 Variation of total porosity of Control and Blended sample with curing days. Note: Square dot 

with solid line: Blended cement paste; Diamond dot with dash line: Plain cement paste 

 

 

3.4.2 Pore size distribution 
Fig. 9 shows the MIP curves of the plain portland (A) and blended (B) cement paste up to 90 

days of curing. The pore volume intruded by mercury both decrease with curing time as the 

hydrates fill the pores. The measured pore distribution ranged from gel micropores (<4.5 nm), 

mesopores (4.5-50 nm), middle capillary pores (50-100 nm) and to large capillary pores (>100 nm) 

(Zeng et al. 2012). The pore volume decreases rapidly within the first 7 days and then decreases 

more slowly as shown Fig. 10. The results showed that incorporation of RHA, CFA SMLS in a 

quaternary blended cement pastes increased the total porosity and capillary porosity at all ages as 

compared to that of OPC paste. These results were similar to the findings of Berodier and 

Scrivener (2015) using slag and fly ash in ternary blended system with OPC which showed lower 

degree of reaction for high replacement levels of SCMs with constant water/cementitious material 

ratio. The lower degree of reaction could be attributed to the lack of water-filled capillary pores. 

Generally, at early age, the blended cement paste has a higher total porosity than plain OPC paste 

due to low clinker content and slow reaction of the SCMs (Pandey and Sharma 2000, Berodier and 

Scrivener 2015). CFA could also retard the hydration of C3A and that of C3S at early stages 

(Ramezanianpour 2014). On the other hand, higher water to cementitious ratio of 0.5 for cement 
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paste blended with higher replacements of SCMs could lead to higher space available. This could 

result to a limited reaction in the later stage due to the lack of water-filled capillary pores (Berodier 

and Scrivener 2015). Moreover, the high iron content in the fly ash used could have a deleterious 

effect on its pozzolanic activity. Mostly in fly ashes, iron oxide (Fe2O3) are present as nonreactive 

hematite and magnetite. It has to be separated from silica and alumina when chemical 

requirements and pozzolanic activity of fly ashes are considered (Ramezanianpour 2014). 

 

 

4. Conclusions 
 

Based on the experimental results, the synergistic reaction of CFA, RHA and SMLS with OPC 

in higher replacement percentage resulted to the formation of ettringite and monocarboaluminate 

and reduction of CH intensities compared to plain OPC. However, the microstructure of 

quaternary blended cement paste was less dense and exhibited higher total and capillary porosity at 

all ages compared to plain cement paste which resulted to a lower compressive strength of blended 

cement paste. The effect of higher water to cementitious ratio and lower degree of reaction of 

SCMs in higher replacement level hindered the positive effect of the synergistic reaction of SCM’s 

used. Thus, these observations give additional insights on the determination of a rational option of 

water to cementitious ratio and the quality of SCMs to be selected in multi-blended systems to 

promote synergistic reaction. Good quality SCMs can become limited in the future as the demand 

increases in the utilization of blended cements. 
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