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ABSTRACT 
This paper presents an experimental study on the effects of the incorporation of 
rice-husk ash (RHA) in cement paste and concrete on the hydration and the 
microstructure of the interfacial zone between the aggregate and paste. The 
influence on the compressive strength of concrete is discussed, and the results 
are compared with those obtained with the control portland cement concrete and 
concrete incorporating silica fume. As for ordinary portland cement paste, it was 
found that calcium hydroxide [Ca(OH),] and calcium silicate hydrates [C-S-H] 
were the major hydration and reaction products for the RHA paste. Because of 
the pozzolanic reaction, the paste incorporating RHA had lower Ca(OH), content 
than the control portland cement paste. The incorporation of the RHA in 
concrete reduced its porosity and the Ca(OH), amount in the interfacial zone; 
the width of the interfacial zone between the aggregate and the cement paste 
was also reduced compared with the control portland cement composite. 
However, the porosity in the interfacial zone of the rice-husk ash composite was 
higher than that of the silica fume composite. The incorporation of the RHA in 
the cement paste did not increase its compressive strength compared with that 
of the control. The higher compressive strength of the RHA concrete compared 
with that of the control is due probably to the reduced porosity, reduced 
Ca(OH),, and reduced width of the interfacial zone between the paste and the 
aggregate. 

KEYWORDS: compressive strength, concrete, DTAITGA, hydration, image 
analysis, interfacial zone, paste, portland cement, rice-husk ash (RHA), XRD. 

Introduction 

Rice husk, an agricultural waste, constitutes about one fifth of the 500 million metric tons of 
rice produced annually in the world [ 11. Due to the growing environmental concern, and the 
need to conserve energy and resources, efforts have been made to burn the husks at controlled 
temperature and atmosphere, and to utilize the ash so produced as a building material [ 1- 141. 

963 



964 M.H. Zhang et al. Vol. 26, No. 6 

Rice-husk ash (RHA) is a very tine pozzolanic material [ 1,141 and its particle size and 
specific surface depend upon the burning conditions under which it is produced. In general, the 
average particle size ranges from 5 to 10 urn, and the specific surface area ranges from 20 to 
50 m*/g. A previous investigation [ 131 indicated that the rice-husk ash used in this study is 
highly pozzolanic, and can be used as a supplementary cementing material to produce high- 
performance concrete. The concrete incorporating 10% of the RHA as a cement replacement 
had somewhat higher compressive strength and higher resistance to chloride-ion penetration 
compared with the control portland cement concrete of the same water-to-cementitious 
materials ratio. 

This paper presents an experimental study on the effects of the incorporation of rice-husk ash 
in cement paste and concrete on the cement hydration and the microstructure of the interfacial 
zone between the aggregate and paste. The influence on the compressive strength of concrete 
is discussed, and the results are compared with those obtained with concrete incorporating silica 
fume, and a control portland cement concrete. 

TABLE 1 
Physical Properties and Chemical Analyses of the Cement. RHA, and Silica Fume 

Physical TCSIS 
Specific gravity 
Fineness 

-passing 45pm, % 
qccilic surface, Blainc. m*/kg 
-nitmgcn adsorption, m’lg 

Setting time, min., 
-inilial 

Compressive slrcngth of 51 mm cube, MPa 
-‘)-day 
-28day 

Pozzolanic Activity Index, % 

3.09 2.06 2.20 

93.0 
373 

135 

21.8 
39. I 

Chemical Analyses, % 
Silicon diuxidc (SiO,) 
Alumrnum oxtde (AI,O,) 
Ferric oxide (FQO,) 
Calcium oxide (GO) 
Magnesium oxide (MgO) 
Sodium oxide (N?O) 
Potassium oxide (K,O) 
Phosphorous oxide (P*O,) 
Tilanium oxide (TiO,) 
Sulphur oxide (SO,) 
Chlorides (Cl) 
Carbon (C) 
Loss on ignilion 

20. I 
4.5 I 
2.50 
61.3 

3.13 
0.24 

0.39 
<0.9 
0.24 
4.04 

2.41 

Bogue Po~eniial Compounds 

Tricalcium silicalc C,S 51.3 
Dicalcium silicale C,S 19.0 
Tricalcium aluminate C,A 7.1 
Tclracalcium aluminokrrite C,AF 7.6 

ASTM Type I Rice husk 
Ccmcnl ash 

Silica Fume 

YY.0 Y6.Y 

38.9 26. I 

122.9 

87.2 
0.15 
0.16 
0.55 
0.35 
I.12 
3.68 
0.50 
0.01 
0.24 
0.45 
5.91 
8.55 

93.6 
0.06 
0.45 
0.50 
0.67 
0. I6 
0.85 
0.09 
0.01 
0.32 

2.26 
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Scope of Investigation 

Hydration products, non-evaporable water and Ca(OH), contents of the RHA admixed cement 
paste were determined at the ages of 1,7,28, and 9 1 days using X-ray diffraction (XRD) and 
thermal analyses (DTA/TGA) methods. Unhydrated cement content in the specimens cured for 
28 days were determined by analyzing backscattered electron images of the pastes. The effect 
of the incorporation of the RHA on the microstructure of the interfacial zone was studied by 
analyzing backscattered electron images of the polished samples of gap-graded concrete with 
a maximum aggregate size of 9.5 mm. The compressive strength of the RI-IA concrete composites 
was compared with that of the control portland cement and the silica fume composites. 

Materials 

Cement. An ASTM Type I normal portland cement was used. Its physical properties and 
chemical composition are given in Table 1. 

Rice-Husk Ash (RHA). The RHA used was a processed waste material incinerated at a 
controlled temperature and atmosphere. The chemical composition and physical properties of 
the RHA are also given in Table 1. It contains a carbon content of 5.9 l%, and is black in colour. 
Chemical analysis indicates that the material is principally composed of SiO, (87.2%), and is 
also high in loss on ignition (8.55%). The ash contains a relatively high potassium content 
which originates mainly from the soil or due to the use of fertilizers. 

The RHA has a specific gravity of 2.06. The particle size distribution of the material is shown 
in Fig. 1, together with that of the portland cement used in this study. The median particle size 
of the RHA is approximately 7 urn, while that of the cement is approximately 13 urn. The 
RHA, however, has an extremely high specific surface of 38.9 m*/g as determined by the 
nitrogen absorption technique, and is 1.5 times of that for the silica fume. Scanning electron 
microscopy (Fig. 2) shows that the material is very porous, thus explaining its high specific 
surface [ 1,8], and like that of cement, the particles of RHA are angular. X-ray diffraction 

100 

80 

1.0 10.0 100.0 

Particle size (micron) 

FIG. 1. 
Particle size distribution of the rice-husk ash and cement. 
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FIG. 2. 
Scanning electron micrograph of the rice husk ash. 

analysis (Fig. 3) indicates that the ash contains mainly amorphous materials with a small 
quantity of crystalline phases such as cristobalite (high-temperature phase of SiO,) and sylvite 
(KCl), which is probably originated from the use of the fertilizers. 

Silica Fume (SF). The silica fume used was a dry uncompacted powder. The chemical 
composition and physical properties of the silica fume are given in Table 1. The principal 
chemical component of the silica fume is also SiO, (93.6%). It has a specific gravity of 2.2 and 
a specific surface area of approximately 26.1 m’/g. X-ray diffraction analysis indicates that it 
contains mainly amorphous materials with a negligible quantity of crystallized quartz (SiO,) 
and silicon carbide (Sic). 

megate. The colame aggregate was a crushed limestone with a maximum nominal size of 19 
mm, and the fine aggregate was local natural silica sand from the Ottawa area. Both the coarse 

I RICE HUSK ASH 

C - cristobalite C30,) 

s - sylvite MCL) 

10 20 30 40 50 60 70 80 90 

2 0 , degrees 

FIG. 3. 

X-ray diffraction spectrum of the rice husk ash. 
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TABLE 2 
Grading of the Aggregates 

Coarse aggrcgatc Pint aggrcgatc 

Sicvc size Cunlulalivc Sicvc size Cumulative 

(mm) perccn1agc (mm) PCWlNLlgC 

rclained retained 

19.0 0.0 4.15 0.0 

12.7 40.0 2.36 IO.0 

9.50 65.0 1.18 32.5 

4.75 I Oil.0 0.60 51.5 
0.30 80.0 
0.15 94.0 
pall I OK0 

and fine aggregates were separated into different size fractions, and then recombined to a 
specified grading shown in Table 2. The coarse and fine aggregates had specific gravities of 
2.69 and 2.70, and water absorption of 0.82 and 1.10% respectively. 

Superplasticizer. A sulphonated, naphthalene formaldehyde condensate-based superplasticizer 
was used for the concrete mixtures and for the paste mixtures containing RHA and silica fume. 
The superplasticizer is a dark brown solution containing 42% solids. 

Mixture Proportions 

The proportions of the paste and concrete mixtures are summarized in Tables 3 and 4, 
respectively; all the mixtures had a water-to-cementitious materials ratio of 0.30, and the 
superplasticizer was used to adjust the flow of the paste and the slump of the concrete. 

Preparation of Paste Specimens 

For the compressive strength of the paste mixtures, fifteen 50.8 x 50.8 x 50.8-mm cubes were 
cast in two layers, compacted on a vibrating table, and cured in a moist room at 20 f 3 “C and 

PC0 0 
PRIO 10 

PSFlO - 

TABLE 3 
Mixture Proportions for Cement Paste Composite 

w/c Quantities (kg) 
Silica 
fume W/C:RHA 

content Or Silica 

(%) W/C&F Water’ Cement RHA fume SP” 

0 0.30 1.65 5.50 0 0 0 
0.30 1.66 4.95 0.55 - 0.017 

10 0.30 1.67 4.95 - 0.55 0.025 

* including the water in the superplasticizer 
** superplasticizer, naphthalene based 
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100% relative humidity until the time of testing. For the determination of the other properties 
of the pastes, cylinders, 30 x 50-mm in size, were prepared, and cured in the same manner as 
the cubes. 

For determining the characteristics of the interfacial zone, composite specimens were made 
which had a water-to-cementitious materials ratio of 0.30 identical to that of the paste mixtures 
(Table 3). After the pastes were made, the aggregate of a single fraction (4.75-9.5 mm) was 
added, and hand mixed in the pastes. The reason for the above was that mechanical mixing of 
the materials would cause the break-up of the aggregate particles and this would result in 
difftculty in analyzing and interpreting the backscattered electron images of the interfacial zone. 
Test cylinders, 30 x 50-mm in size, were prepared and cured as described above. 

Preparation of Samples for XRD, DTAlTGA, and Image Analysis 

Samples for XRD and DTA/TGA analyses were taken from acetone quenched solid pastes at 
prescribed ages and ground in acetone to arrest further hydration. This was followed by drying 
in a vacuum oven at 105°C for approximately two hours. 

For backscattered electron image analysis, fragments were taken from the centre of 30 x 50- 
mm cylinder specimens at 28 days such that all surfaces were free of mould wall impression. 
Hydration was arrested by drying the samples in a vacuum oven at 50°C for approximately 
24 hours. The dried samples were then embedded and vacuum impregnated in a low viscosity 
epoxy resin. After impregnation and curing of the epoxy, the specimens were lapped and 
polished. Alcohol was used as a lubricant and coolant for cutting and polishing to avoid further 
cement hydration and dissolution of hydration products. The polished specimens were coated 
with carbon for examination. 

Mixing of Concrete and Preparation of Concrete Specimens 

The concrete was mixed in a laboratory counter-current mixer for a total of 5 min. The 
properties of the fresh concrete including slump, air content, and unit weight were determined, 
and are given in Table 5. Fifteen 102 x 203-mm cylinders were cast from each mixture, and 
compacted on a vibrating table in two layers. The specimens were left covered in the casting 
room at 20 f 3°C for 24 hours then demoulded and cured in a moist-curing room until the time 
of testing in compression. 

TABLE 4 
Mixture Proportions for Concrete 

W/C Quantities (kg/m’) 
Silica 

RHA fume WK:RHA 
Mix cO”fe”t content or Silica Fine C0XSe 

NO. (%) (B) W/C+SF Water’ Cement RHA fume a@. w. SP” 

cc0 0 0 0.30 134.9 447.8 0 0 708 1153 6.9 
CR10 10 0.30 134.8 403.2 44.8 - 699 1137 9.6 

CSFIO - 10 0.30 134.9 406.6 - 45.2 706 1149 7.9 

* including the water in the superplasticizer 
** superplasticizer, naphthalene based 
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TABLE 5 
Properties of Concrete 

Testing 

X-Rav Diffraction Analysis. Powder samples were scanned by a rotating-anode X-ray 
diffractometer using CuKa radiation at 55 kV and 180 mA and scanning from 28 = 5-90”. The 
data were analyzed using a search-match system of software. 

Thermal Analvses. Thermal analyses of the prepared samples were conducted on a differential 
thermal analyzer DTA-50 and thermogravimetric analyzer TGA-50 operating under the 
following conditions: 

Atmosphere: dry N2 gas 
Flow rate: 40 mL/min 
Temperature range: 21-900°C 
Rate of temperature rise: 10 Wmin 
Sample weight: 15-18 mg 

Analysis of Backscattered Electron Images. Analysis of backscattered electron images was 
conducted with a KONTRON-IBAS image analyzer coupled with an electron microprobe. 
Image analysis of the polished sections of composite samples was performed using 
backscattered electron images (BEI), obtained at an acceleration voltage of 20 kV and a beam 
current of 15 nano-ampere (nA). 

The image analyzer was programmed for two main tasks: 

(a) to determine the unhydrated cement content of the paste, 
(b) to determine the porosity profile and Ca(OH), content in the interfacial zone. 

The choice of the magnification selected reflects a compromise between resolution of the 
phases and the need to obtain a representative sampling without undue effort. A magnification 
of 540x was chosen for the analysis, the backscattered electron images were digitized into grey 
level images of 5 12 x 5 12 pixels. therefore the geometric scale corresponds to approximately 

‘Rigaku X-ray diffractometer 
‘Fein-Marquart pPDSM software 
‘Shimadzu DTA/TGA 50 
4JEOL JXA-733 microprobe 
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0.25 pm/pixel. These conditions allow to resolve pores or grains of phases as small as 1 urn. 
However, the full length of the field at 540x is 128 urn (i.e., 512 x 0.25). Therefore, at this 
magnification, the maximum size for the features, pores or grains is 128 urn. The image 
analysis was performed with ten to twelve fields from each specimen. the general strategy for 
the routines is given in Appendix I. 

Comnressive StrenPth. Compressive strength of the concrete and paste specimens were 
determined according to ASTM C 39 and C 109, respectively. The results are given in Tables 
5 and 6, respectively. 

Results and Discussion 

Characteristics of the Control. RHA. and Silica Fume Pastes. 

Hydration and reaction products. Hydration and reaction products of the control, RHA, and 
silica fume pastes at the ages of 1,7,28, and 9 1 days were identified by X-ray diffraction and 
thermal analysis methods on powder samples prepared from acetone quenched paste specimens. 
Qualitative analyses of the paste mixtures show that calcium hydroxide [Ca(OH),] and calcium 
silicate hydrates [C-S-H] are the predominant product phases for all the three paste samples. 

Unhydrated cement content andporosity. According to the image analysis, the control portland 
cement paste contained 22% unhydrated cement particles; the percentage of the unhydrated 
cement particles in the RHA and silica fume pastes was 18% and 20%, respectively, after 28 
days of curing. The standard deviation of the analysis was 2.4,2.5, and 1.6% for the control, 
the RHA, and the silica fume pastes, respectively. As the RHA was used as a 10% cement 
replacement, the reduction of unhydrated cement particles to 18% indicates a possible 
acceleration of the cement hydration in the presence of RHA, but this needs to be confirmed 
by additional research. 

Figure 4 gives the weight loss for the pastes as a function of the time determined by drying 
the specimens in an oven at 105°C to a constant weight. The weight loss is an indication of the 
total porosity, while the rate of the weight loss is an indication of the relative size of the pores 
in the pastes. The porosity determined by this method includes all the gel and capillary pores 
as well as air voids. The results showed that the total porosity of the control, the RHA, and the 
silica fume pastes was similar, but the rate of the weight loss for the RHA and the silica fume 
pastes was slower than that of the control paste, indicating a refinement of the pore structure 
in the RHA and silica fume pastes. 

TABLE 6 
Properties of the Pastes 

WIG or Unit Campsrive rucnpth’ (MPa) 

Mtx No. Type Of W,C+RH.A or Flow weight 

mixture W,C.+SF (9-j (k@m’) Id ld ?8d 9Od 18&i 

PC0 COtllWl 0.30 116 2115 46.5 75.9 96.0 113.3 118.7 

PRlO lO%RHA 0.30 115 2077 44.8 77 9 94.1 94.4 97.1 

PSFIO 10 % silica fume 0.30 100 2077 44.6 74.3 83.1 94.5 97.2 

* Average of three 51.mm cubes 
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50 

2D Graph 1 

0 

:r l Control 
. lO%RHA 
. lO%SF 

0.1 1.0 10.0 

Duration in oven (day) 

100.0 

FIG. 4. 
Weight loss of the pastes when dried in oven at 105”C, which is presented as volume of water 
lost relative to paste volume. 

Non-evaporable water and calcium hydroxide contents. The results on the non-evaporable 
water (weight loss registered between 105 and 900°C) and Ca(OH), content determined by 
TGA are presented in Figs. 5 and 6. 

The results in Fig. 5 show that the RHA paste contained less non-evaporable water than the 
control paste, but more than the silica fume paste. At 91 days, the control, the RHA, and the 
silica fume pastes contained 14.1, 12.7, and 10.7% non-evaporable water, respectively. 
However, no conclusion can be drawn as to the degree of hydration of the different pastes based 
upon the above because C/S ratio and (C+S)/H of the C-S-H hydrates in these pastes are 
probably different due to the pozzolanic reactivity of the RHA or silica fume incorporated. 

l Control 
. 10 % RHA 
. 10 % SF 

0.1 1.0 10.0 100.0 1000.0 

Age (days) 

FIG. 5. 
Non-evaporable water content in the pastes. 



972 M.H. Zhang et al. Vol. 26, No. 6 

The results in Fig. 6 show that the RI-IA paste had lower Ca(OH), content than the control 
paste at all ages. Compared with the silica fume paste, however, the RI-IA paste had similar 
Ca(OH), content at 1 and 7 days, but higher values after 28 days. At 9 1 days, the control, the 
RI-IA, and the silica fume pastes contained 15.1, 8.2, and 5.3% Ca(OH),, respectively. 

The lower Ca(OH), and the lower unhydrated cement contents discussed earlier for the RI-IA 
paste compared with the control paste clearly indicate the pozzolanic reactivity of the RHA. 
Compared with the silica fume, however, the reactivity of the RHA appears less significant at 
later ages, and this may be attributed to the difference in their particle characteristics. 

Compressive strength. The compressive strength of the control, the RHA, and the silica fume 
pastes are given in Table 6, and illustrated in Fig. 7. The cement paste with 10% RHA had 
strength similar to that of the control paste up to 28 days, but lower values at 90 and 180 days. 
The strength of the RI-IA and the silica fume pastes were comparable. The strength tests at 1, 
7, and 28 days were repeated three times and the results showed the same trend. 

Interfacial Zone Between the Paste and AggrePate. The enhanced mechanical properties and 
reduced permeability of silica fume concrete is believed to be due to the reduction in the 
thickness of the interfacial zone between the aggregate and paste matrix [ 15-181. Due to its 
extremely fine size and high pozzolanic reactivity, silica fume reduces the porosity, and also 
the preferential deposition of Ca(OH), in the interfacial zone [ 191. The rice-husk ash used in 
this study has a median particle size of about 7 pm, which is somewhat fmer than that of 
cement, but much coarser than that of silica mme (approximately 0.1 urn). From the particle 
size perspective, the RI-IA may not have as strong an effect on the reduction of porosity in the 
interfacial zone in concrete as the silica fume. 

Figure 8 shows the porosity of the pastes as a function of the distance from the aggregate 
surface on test specimens cured for 28 days. From the figure, it can be seen that at 20 urn from 
the aggregate surface, the porosity for the control, RHA, and SF samples was approximately 
25, 18, and lo%, respectively; at 33 urn, the porosity was approximately 17, 9, and 7%, 

2D Graph 1 

Control 

IO % RHA 

lO%SF 

I I 1 
1.0 10.0 100.0 

Age (days) 

FIG. 6. 
Calcium hydroxide content in the pastes. 



Vol. 26, No. 6 COMPRESSIVE STRENGTH, INTERFACIAL ZONE, RICE-HUSK ASH 973 

120 
3 

s 
Jz 90 
5 
f 
5 60 
F ._ 
D 
g F 30 

s 
0 

. Control 

. 10 % RHA 

. lO%SF 

0 100 

Age Ways) 

FIG. 7. 

Compressive strength of the pastes. 

respectively, and at 43 pm, the porosity was approximately 11,5, and 7%, respectively. This 
indicates that the incorporation of the RHA reduced the porosity in the interfacial zone 
compared with that of the control portland cement composite. However, the porosity of the 
RI-IA composite in the first 30 pm of the interfacial zone was higher than that of the silica fume 
composite, which may essentially be due to the coarser particle size of the RI-IA compared with 
that of the silica fume. Figure 8 also shows that the width of the interfacial zone, where the 
porosity is higher than that in the bulk paste, was approximately 60,40, and 40 urn for the 
control, RHA, and SF samples, respectively. The reduction of the width of the interfacial zone 
by the incorporation of the rice husk ash is probably similar to the effect of silica fume. The 

80 

l Control 

. 10% RHA 

. 10% SF 

20 40 60 80 100 

Distance from the aggregate surface (micron) 

FIG. 8. 
Porosity profiles of the interfacial zone between aggregate and cement pastes (data presented 
are the average f one standard deviation). 
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analysis also showed a lower Ca(OH), content in the interfacial zone for the RI-IA composite 
than that for the control one. Nilsen, Sandberg, and Folliard [20] also observed decreased 
relative concentration of Ca(OH), in the interfacial zone with the replacement of cement by the 
RHA using quantitative X-ray diffraction analysis technique. 

The reduction of porosity and Ca(OH), content in the interfacial zone of the RI-IA composite 
observed might contribute to the enhancement of mechanical properties and the reduction of 
permeability of the concrete [ 131. This effect, though different in magnitude, is probably similar 
to that of silica fume in concrete [ 191. 

Comnressive Strength of Control. RI-IA. and Silica Fume Concretes. The compressive strength 
development with age for the various concretes is presented in Table 5 and illustrated in Fig. 
9. The RHA and the control concrete had similar one-day strengths, but the RI-IA concrete had 
somewhat higher strength than the control concrete thereafter up to 180 days. Compared with 
the silica fume concrete, the compressive strength of the RI-IA concrete was lower up to 28 
days, but similar at 90 and 180 days. 

Generally, concrete can be considered as a composite material with the coarse aggregate 
embedded in the mortar matrix, and the sand embedded in the cement paste. For normal weight 
aggregate concrete, the inter-facial zone between the aggregate and cement paste is usually the 
weakest part of the concrete due to its higher w/c and porosity; this zone therefore, controls the 
strength and to a large extent the permeability of the concrete. 

Comparing the strength of the RHA concrete and the corresponding paste incorporating 
RHA, it appears that the rice-husk ash contributed to the strength of the paste and the concrete 
in different ways and to a different extent. Even though the strength of the RI-IA paste was 
similar to or lower than the control paste, the strength of the RI-IA concrete was higher than that 
of the control concrete, indicating that the increase in the strength of the RI-IA concrete may be 
primarily due to the improvement of the interfacial zone between the aggregate and the binder. 
Similar results have been reported by others for the silica fume pastes and concretes [ 181. 

50 100 150 200 

Age (days) 

FIG. 9 
Compressive strength development of concretes versus age. 
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Because of the larger particle size, the magnitude of such an effect of the RHA is probably less 
than that of the silica fume; data on the compressive strength of the pastes and the concretes as 
well as the porosity profile in the interfacial zone confirmed this. 

Conclusions 

Based on the limited experiments, the following conclusions may be drawn: 

1. As for ordinary portland cement paste, the calcium hydroxide [Ca(OH),] and calcium 
silicate hydrates [C-S-H] were the major hydration and reaction products in the RHA 
paste. Because of the pozzolanic reaction, the paste incorporating RHA had lower 
Ca(OH), content than the control portland cement paste. 

2. The incorporation of the RHA in concrete reduced the porosity and the Ca(OH), amount 
in the interfacial zone; the width of the interfacial zone between the aggregate and the 
cement paste compared with the control portland cement composite was also reduced. 
However, the porosity of the rice-husk ash composite in the interfacial zone was higher 
than that of the silica fume composite. 

3. The cement paste incorporating RHA did not show any increase in the compressive 
strength compared with that of the control portland cement paste. The higher compressive 
strength of the RHA concrete compared with that of the control concrete is due probably 
to its reduced porosity, reduced Ca(OH), content, and the reduced width of the interfacial 
zone between the paste and the aggregate. 
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Appendix I 

The image analysis routine for the determination of unhydrated cement content consisted of 
selecting an area randomly in the paste and segmenting the digitized backscattered electron 

image to make two binary images, one for the unhydrated cement and another for the total field. 
Small artifacts and noise were eliminated from the binary images by scraping away all features 
smaller than five square pixels. The total area in each clean binary image was then measured. 
The unhydrated cement content was calculated with reference to the total area of the field. A 
series of control variables was allowed to select another field into the paste and iterate the 
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procedure for as many images as desired. At the end, the image analysis program accumulated 
the area for the pores and for the unhydrated cement in all selected fields, then calculated the 
percentages with reference to the total area of all the fields. In this study 12 fields were selected 
for the analysis for each sample. 

The image analysis routine for the determination of porosity and Ca(OH), content in the 
interfacial zone consisted of selecting a field showing the interface between the paste and the 
aggregate. The microprobe goniometers and scan-rotation controls were used to place the 
interface in a vertical position and as far to the left border of the image. A white line was 
manually drawn on the digitized backscattered electron image following the contour of the 
aggregate. The program used this line to make a 4.8 pm-width band with the same contour of 
the interface from the grey-level image. The porosity or Ca(OH), was determined within this 
band using a similar image analysis strategy as the one described above, and was calculated 
with reference to the total area of the band. The program iterated moving the band to the right 
of the original grey image by one step equal to the band-width, and repeating measurements. 
The program was made to break the iteration loop as soon as the right-most border of the band 
reached the right border of the original grey image. This allowed to have all porosity calculated 
based on the same band-area. Ten fields were analyzed for each sample to obtain the porosity 
or Ca(OH), content. 


