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Abstract

Rice husk ash (RHA) has been used as a highly reactive pozzolanic material to improve the microstructure of the interfacial

transition zone (ITZ) between the cement paste and the aggregate in high-performance concrete. Mechanical experiments of

RHA blended Portland cement concretes revealed that in addition to the pozzolanic reactivity of RHA (chemical aspect), the

particle grading (physical aspect) of cement and RHA mixtures also exerted significant influences on the blending efficiency.

The relative strength increase (relative to the concrete made with plain cement, expressed in %) is higher for coarser cement.

The gap-grading phenomenon is expected to be the underlying mechanism. This issue is also approached by computer simulation.

A stereological spacing parameter (i.e., mean free spacing between mixture particles) is associated with the global strength of

the blended model cement concretes. This paper presents results of a combined mechanical and computer simulation study

on the effects of particle size ranges involved in RHA-blended Portland cement on compressive strength of gap-graded concrete

in the high strength/high performance range. The simulation results demonstrate that the favourable results for coarser cement

(i.e., the gap-graded binder) reflect improved particle packing structure accompanied by a decrease in porosity and particularly in

particle spacing.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In high-performance concrete, the microstructure of

the interfacial transition zone (ITZ) between the cement

paste and the aggregate is of paramount importance for

strength and durability of the material. The microstruc-

ture of the cement paste in the ITZ can be significantly

improved by adding (super) fine materials, such as fly
ash, silica fume, metakaolin, and rice husk ash (RHA).

Rice husk ash is a highly reactive pozzolanic material

produced by controlled burning of rice husk. The utili-

zation of rice husk ash as a pozzolanic material in ce-
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ment and concrete provides several advantages, such

as improved strength and durability properties, reduced

materials costs due to cement savings, and environmen-

tal benefits related to the disposal of waste materials and

to reduced carbon dioxide emissions. Reactivity of RHA

is attributed to its high content of amorphous silica, and

to its very large surface area governed by the porous

structure of the particles [1–4]. Generally, reactivity is
favoured also by increasing fineness of the pozzolanic

material [5–7]. However, Mehta [8] has argued that

grinding of RHA to a high degree of fineness should

be avoided, since it derives its pozzolanic activity mainly

from the internal surface area of the particles.

Cements with higher fineness are applied in high-per-

formance concrete (HPC). Traditionally, HPC is pro-

duced of low water to cement ratio mixtures (below
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0.4), to which a superplasticizer and a fine-grained poz-

zolanic material are added. The limited available space

in the fresh state of such low water to cement ratio mix-

tures will be occupied after hardening by hydration

products, which will also contain unhydrated cement

regardless of the fineness of the cement [9]. Based on
computer simulation, Bentz and Haecker concluded that

in this situation coarser cements could yield equivalent

long-term performance as compared to finer cements

[10]. By blending finely ground RHA with such a coarser

cement, higher packing densities near the aggregate

grain interface can be expected, as a consequence, lead-

ing to improved behaviour of the blended systems

[11,12]. This is a strategy emphasized in this paper.
It is well documented that the strengthening capabil-

ity of a mineral admixture not only depends on the poz-

zolanic reactivity, but also on the filler effect. The latter

feature is associated with the relative fineness of the filler

material. In high-performance PC composites incorpo-

rating superfine particles, such as silica fume and carbon

black, the filler effect has been demonstrated being even

more pronounced than the pozzolanic effect [13,16].
Stroeven and Stroeven have demonstrated by means of

computer simulation using the SPACE system [17–19]

that the finest particles tend to concentrate near the

aggregate–matrix interface, leading to reduced porosity

and enhanced internal bonding capacity. Associated

with the lower porosity was a reduction in the thickness

of the ITZ. The strengthening effect extended, instead,

over an ITZ of increased thickness [19]. The packing effi-
ciency of a mineral admixture can be expected to de-

pend, therefore, on the average fineness gap between

the particles of the mineral admixture and of the cement.

This will be investigated in this paper by employing the

SPACE system for a computer simulation approach to

this problem.

As a relatively soft and porous material, it is more

cost effective to grind the RHA to larger fineness than
to do so with the Portland cement in gap-graded binder
Table 1

Properties of the cements

No Properties Test resul

PC30

1 Normal consistency (%) 26

2 Setting time (minute)

(a) initial 95

(b) final 190

3 Volumetric density (g/cm3) 3.14

4 Residue on 75lm sieve (%) 10

5 Blaine specific surface area (cm2/g) 2700

6 Compressive strength (MPa)a

(a) 3 days 16.2

(b) 7 days 27.1

(c) 28 days 38.5

a 40 · 40 · 160mm prisms; cement:sand = 1:3; W/C = 0.5.
designs. Moreover, at a certain stage of grinding the

RHA, the porous structure of the particles will collapse,

thereby reducing the surface area of the RHA [11,20].

An increased fineness of the RHA, therefore, will ulti-

mately result in a decline in water demand, and an en-

hanced filling capacity. This was not pursued,
however, in the experiments of which the results are

reported in this paper.
2. Materials and methods in mechanical approach

2.1. Materials and mixtures

2.1.1. Cement

Two kinds of an ordinary Portland cement were em-

ployed, i.e., PC30 and PC40, which conform to Viet-

namese standard TCVN 2682:1999. The cements

originated from one clinker source but were pulverized

to different degree of fineness. The physical properties

of the cements are listed in Table 1.

2.1.2. Rice husk ash

A Vietnamese type of rice husks was incinerated in a

drum incinerator for production of the rice husk ash

[21]. After combustion, the ash was finely pulverized

by using a vibrating ball mill. Chemical composition

and physical properties of the RHA are given in Table 2.

2.1.3. Aggregates

Crushed basalt was used as coarse aggregate (9.5–

19mm). Sand with particles smaller than 0.6mm and a

fineness modulus of 1.1 was employed as fine aggregate.

The grading and physical properties of the fine and

coarse aggregates are shown in Table 3.

2.1.4. Superplasticizer

A naphthalene-based superplasticizer, Mighty 100 of
Kao Ltd., Japan, produced in powder form was used.
ts Standard TCVN 2682:1999

PC40 PC30 PC40

29 – –

85 P 45 P 45

175 6 375 6 375

3.15 – –

4 <15 <12

3750 – –

22.6 >16 >21

35.6 – –

47.7 >30 >40



Table 3

Grading and physical properties of aggregates

Cumulative percentage retained (%)

Crushed basalt

(9.5/19)

Fine silica

sand (0/0.6)

Sieve size (mm)

19 5 –

9.5 98 –

4.75 100 –

2.36 100 –

1.18 100 –

0.6 100 –

0.3 100 15.9

0.15 100 92.4

Fineness modulus 7.03 1.08

Volumetric density (g/cm3) 2.92 2.61

Absorption (%) 0.6 1.2

Table 2

Chemical composition and physical properties of rice husk ash

Property Rice husk ash

Constituents (wt.%)

SiO2 86.98

Al2O3 0.84

Fe2O3 0.73

Na2O 0.11

K2O 2.46

CaO 1.40

MgO 0.57

Loss on ignition 5.14

Physical properties

Volumetric density (g/cm3) 2.10

Mean particle size (lm) 5
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2.1.5. Mixture proportioning

The aggregate for the mixtures consisted of a mixture

of crushed basalt and of fine sand, with a sand content

of 30% by weight. The result is a gap-graded mix-

ture, due to the deficient particles in the 0.6 and 9.5mm

range.

Twenty four concrete mixtures were made, 12 mix-

tures for each of the two kinds of PC. Three levels of
the water to binder ratio were investigated, i.e., 0.30,

0.32 and 0.34. The mixtures with water to binder ratio

of 0.30 were made with a binder content of 550kg/m3

concrete. The binder content of all other mixtures was

500kg/m3. Rice husk ash was used to replace 10%,

15% and 20% by mass of PC. The superplasticizer was

added to all mixtures for obtaining high workability.

In the mixtures with water to binder ratio of 0.34, the
amount of superplasticizer was kept constant to investi-

gate the influence of RHA on workability. Mixture

proportions of the gap-graded concretes are given in

Table 4.
2.2. Preparation of test specimens

Coarse and fine aggregates, and powder materials

(cement, rice husk ash) were placed in correct propor-

tions in a revolving concrete drum mixer. They were

mixed in dry conditions for a period of two minutes,
and for another three minutes after adding the water.

The concrete mixture was mixed for a final three min-

utes after adding the superplasticizer to achieve the de-

sired consistency. Slump and unit weight of the fresh

concrete were determined immediately following the

mixing procedure.

Cubes of 100mm size were cast and compacted in two

layers on a vibrating table. Each layer was vibrated for
10s. The moulds were covered after casting with poly-

ethylene sheets and moistened burlap for 24h. There-

upon, the specimens were demoulded and cured in

water at a temperature of 20 �C until the day of testing.

Compressive strength of the concretes was determined at

1, 3, 7, 28 and 90 days, using three specimens per test

age.
3. Experimental: results and discussion

3.1. Workability

All investigated mixtures had high slump values and

were stable. Representative test results on workability

are presented in Fig. 1. It is interesting to note that these
highly workable gap-graded mixtures did not show seg-

regation despite relatively low sand contents. Most

probably, the relatively large volume content of very fine

sand particles with diameters below 300lm has contrib-

uted to a greater cohesiveness of the gap-graded con-

crete mixtures. The use of high binder contents at low

water to binder ratios, and the addition of rice husk

ash and superplasticizer, also promoted the cohesiveness
of the gap-graded concrete mixtures. Fig. 2 reflects the

superplasticizer demand for a constant workability of

gap-graded mixtures made with the two kinds of Port-

land cement at water to binder ratio of 0.32. The finer

cement (PC40) requires a higher superplasticizer dosage

for achieving equal slump.

Fig. 1 reveals the influence of the RHA content, and

the cement fineness on workability of gap-graded mix-
tures made with a water to binder ratio of 0.34. For

the plain PC30 concrete, a superplasticizer dosage of

1% by mass of the cement is required to attain a slump

of 210mm. In case of the finer cement (PC40), the

superplasticizer dosage is increased to 1.28% for obtain-

ing approximately the same slump. A reduction in slump

of the blended concrete mixtures is found when a part of

the PC is replaced by RHA at equal superplasticizer
content. This decline in slump increases with replace-

ment level of cement by RHA.



Table 4

Mixture proportions of gap-graded concrete blended with RHA (kg/m3)

W/B Cement PC30 Cement PC40 RHAa Water SPb Fine sand (0/0.6) Crushed basalt (9.5/19)

0.3 550 – – 165 5.60 550 1283

495 – 55 165 5.80 546 1273

468 – 82 165 6.10 543 1267

440 – 110 165 6.30 540 1261

0.32 500 – – 160 5.50 567 1324

450 – 50 160 5.72 562 1313

425 – 75 160 6.00 560 1307

400 – 100 160 6.22 558 1301

0.34 500 – – 170 5.00 560 1305

450 – 50 170 5.00 555 1294

425 – 75 170 5.00 553 1290

400 – 100 170 5.00 551 1285

0.3 – 550 – 165 6.60 550 1283

– 495 55 165 6.80 546 1273

– 468 82 165 7.19 543 1267

– 440 110 165 7.43 540 1261

0.32 – 500 – 160 6.50 567 1324

– 450 50 160 6.76 562 1313

– 425 75 160 7.08 560 1307

– 400 100 160 7.36 558 1301

0.34 – 500 – 170 6.40 560 1305

– 450 50 170 6.40 555 1294

– 425 75 170 6.40 553 1290

– 400 100 170 6.40 551 1285

a RHA—rice husk ash.
b SP—superplasticizer.
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3.2. Compressive strength

3.2.1. Concrete made with cement PC30

Compressive strength data of RHA blended concrete

are shown in Table 5 to be higher than those of the plain

cement concrete, irrespective of water to binder ratio

and age. Compressive strength increases with blending

percentage at corresponding values of water to binder
ratio and age. This trend is pronounced for replacement

levels up to 20%. Higher contents of RHA can be used

without a strength loss. This will, however, cause an in-

crease in the superplasticizer dosage required for attain-
ing workable mixtures. Fig. 3 presents relative

compressive strength data, defined as the ratio of the

compressive strength of the RHA-blended concrete to

the strength of the plain cement concrete with the same
binder content and cured to the same age. The RHA

blending increases the relative strength at all ages, how-

ever, most pronounced is the increase in the first 7 days.

It is well known that coarse cements hydrate at lower

rate and, therefore, produce lower early-age strengths

as compared to finer cements made from the same clin-

ker. This decline in early age strength gain is, in the

authors� opinion, the result of higher porosity due to less
efficient packing of more coarsely ground cement. Addi-

tionally, the reduction in volume of hydration products



Table 5

Cube compressive strength of gap-graded concrete blended with RHA

Cement type Binder composition cement–RHA (%)a W/Bb Compressive strength (MPa)

1 day 3 days 7 days 28 days 90 days

Cement PC 30 100–00 0.3 22.0 43.5 53.6 63.5 71.7

90–10 0.3 22.7 47.9 60.6 72.8 83.2

85–15 0.3 22.9 49.0 62.5 75.1 84.9

80–20 0.3 23.1 51.5 64.3 78.2 86.8

100–00 0.32 20.9 41.3 51.0 59.6 66.8

90–10 0.32 21.7 45.8 58.0 68.8 78.2

85–15 0.32 21.8 46.5 61.2 72.2 81.5

80–20 0.32 22.0 48.7 61.8 72.7 82.2

100–00 0.34 18.9 39.9 49.8 57.9 64.9

90–10 0.34 19.5 44.3 56.8 66.6 75.6

85–15 0.34 19.7 45.2 57.6 67.2 75.8

80–20 0.34 20.1 46.9 59.1 69.3 77.2

Cement PC 40 100–00 0.3 39.7 67.2 78.9 88.5 97.1

90–10 0.3 34.7 60.8 83.6 95.2 104.1

85–15 0.3 35.3 63.2 85.4 96.0 104.4

80–20 0.3 37.5 66.5 86.0 98.1 106.5

100–00 0.32 37.8 63.9 76.4 85.7 94.0

90–10 0.32 32.1 58.9 80.6 91.6 100.3

85–15 0.32 33.8 59.2 81.9 93.4 101.8

80–20 0.32 34.2 60.7 82.8 94.3 103.3

100–00 0.34 35.5 61.7 73.8 82.8 90.5

90–10 0.34 29.9 57.6 78.9 89.7 98.5

85–15 0.34 32.6 57.3 79.2 90.3 99.1

80–20 0.34 31.1 59.2 80.3 91.1 100.1

a RHA—rice husk ash.
b W/B—water to binder ratio.
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due to less favourable hydration rate is expected to re-

sult in a decrease in the early-age strengths. In RHA

blended concrete, the Ca(OH)2 formed during hydration

of Portland cement at early ages is rapidly consumed

due to the high pozzolanic reactivity of RHA. As a con-

sequence, the hydration of cement is accelerated, and

larger volumes of reaction products are formed. More-

over, the small RHA particles improve the particle pack-
ing density of the blended cement, leading to a reduced

volume of larger pores and a more homogenous micro-

structure of the cement paste, particularly in the inter-

facial zone.

3.2.2. Concrete made with cement PC40

As expected—and confirmed by data in Table 5—

concretes made with the fine cement (PC40) revealed
considerable higher strengths than those made with the

coarser cement (PC30). For instance, plain PC30 con-

crete with a cement content of 550kg/m3 and a water

to cement ratio of 0.30 yielded a 28-days compressive

strength of 63.5MPa. This strength level was raised to

88.5MPa, when PC40 was applied under otherwise sim-

ilar conditions. Partial cement replacement by RHA

also significantly improved strength, although the effect
was pronounced only at later ages. Fig. 4 and Table 5

reveal the compressive strength values of RHA blended

concrete to be lower than those of plain cement con-

cretes at ages up to 3 days. However, at later age, say
from 7 days onward, the blended concretes have higher

compressive strength than those of the control con-

cretes. Blending of RHA with the fine cement PC40 pro-

vides less efficient particle packing due to the narrower

particle size range as compared to blending with the

coarser PC30 cement. Hence, only a moderate contribu-

tion is given by the filler effect to early-age strength. To

achieve optimum strength effects, the fineness of the
RHA (or in general, the mineral admixture) should be

attuned to that of the PC, i.e., average grain sizes of

PC and admixture should be quite distinct, yielding

gap-graded blends [22].

Table 5 and Figs. 3 and 4 clearly reveal the blending

effects on the two different types of Portland cement

concrete. PC40 is the finer cement, so that the plain con-

crete mixtures using this cement score better as to com-
pressive strength in all cases. The hydration rate at early

age of PC40 is also higher and thus is expected to

achieve the superior 1 and 3 day�s compressive strength

values. The reaction rate of the RHA pozzolan is much

lower, however. Therefore, blending by equal amounts

of RHA puts the PC40 concrete at early ages in the more

unfavourable position due to the diluting effect. This

may not be compensated for by physical strength contri-
butions, due to the significantly overlapping particle size

distribution curves of the PC40 and the RHA. From this

aspect, PC30 appears to be in a more advantageous po-

sition. In a quantitative sense, roughly similar strength
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contributions at later ages come from the pozzolanic

reaction. The physical contributions are different how-

ever, as a result of the better packing characteristics of

the PC30 and the RHA. This is evidenced by the signif-
icant dependence of strength efficiency on blending

percentage.
4. Computer simulation approach

4.1. Model materials and methods

Since the ITZ is the key issue in improving strength

by blending, this zone constitutes the focal point in the

computer simulation approach. A simulation system

for particulate materials, with the acronym SPACE, is

employed in this study. It is not based on a sequential

procedure (from large to small particles) of randomly

generated successive particle positions whereby overlap

results in rejection of a particle; instead, the SPACE sys-
tem encompasses a dynamic stage of the particle mixture

in a (far) more dilute state. The requested density (cor-

responding to water–cement ratio) of the binder mixture

can be obtained in a �natural� way by gradually reducing

the volume and using particle collision mechanics. This

is a relatively realistic simulation of the production con-

ditions in concrete technology. For a detailed descrip-

tion of the SPACE system and the algorithms for
structure simulation, see [19,23]. Because of the dynamic

set up of the system, it can deal with dilute to densely

packed systems.

The medium value of the water to binder ratio of the

experimental program, i.e., W/B = 0.30, is adopted for

the simulation. This implies volume fraction of spheri-

cal binder particles to occupy about 50% of the total

volume. The size of the particles of the PC is made to
closely match the so-called Rosin–Rammler particle

size distribution function [9], G(d) = 1�exp(�bdn),
where d is particle diameter, G(d) is the mass fraction

of cement particles with diameter less than or equal

to d. The constants n and b are derived from the exper-



Table 6

Physical parameters of model cements

Model cement code Size range (lm) Blaine fineness (m2/kg) Rosin–Rammler parameters

PC30 1.5–23.04 248 n = 1.03, b = 0.022

PC30-RHA10 0.18–23 363

PC30-RHA20 0.18–23 483

PC40 1.5–18.93 329 n = 1.10, b = 0.045

PC40-RHA10 0.18–19 431

PC40-RHA20 0.18–19 594
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imental data of cement particle size distribution. This

function is generally accepted to represent the particle

size distribution of ordinary PCs [9]. The simulation

of the RHA is based on the sieve curve found in the

experiments [11].

Table 6 presents some of the model data that charac-

terize the particle mixtures used in the simulation

experiments. The constants n and b of the Rosin–
Rammler curves for PC30 and PC40 are given in col-

umn 3. The selected size ranges are presented in column

2. The designed size range of the RHA is 0.18–11lm.

The upper border turned out to be 8.5lm in the gener-

ated mixtures. Partial replacement of the two types of

PC with the relatively fine-grained RHA causes Blaine

numbers to increase significantly, as shown also in col-

umn 3. Of course, the increase is largest for the coarser
grained PC, i.e., 95% and 81% for PC30 and PC40,

respectively, at 20% PC replacement level. This refine-

ment of the blended mixtures is also revealed by the

cumulative fractional volume density curves presented

in Fig. 5.

Application of SPACE provides a cubical block of

the particulate model material (blended Portland cement

paste). To get information on the gradient perpendicular
to the rigid interface surface (= container side) the block

should be serially sectioned. The resulting sectional

images should be subjected to quantitative image

analysis. Material properties depend on geometrical–

statistical features of the material structure. Structure-

insensitive properties like mass or Young�s modulus

only depend on volume fractions of the composing parts

of a composite material. Density (or porosity) is there-
fore denoted as a composition parameter. In Contrast,

a structure-sensitive property like crack initiation will

appeal to material configuration, involving the mutual

arrangement in space of the particles (size, spacing)

[24,25]. For an elaborate discussion on this issue, see

[19].

This paper deals with density and spacing. Density is

the traditional approach to studying the ITZ. It is a rel-
evant approach for assessing porosity when interested in

certain concrete durability aspects. The quantitative im-

age analysis approach should therefore offer informa-

tion on volume fraction, VV. A relevant 2-D

parameter is the area fraction of particles, AA, which

is an unbiased estimator of VV. When strength is at
issue, a certain degree of structural sensitivity should

be accepted. Only medium sensitivity will be encoun-

tered in the case of compression testing. The most rele-
vant structural parameter is the mean free spacing, k. It
reveals only medium configuration sensitivity, and can

easily be determined in a section from the expression:

k = 4(1 � VV)/SV. Herein, SV is the specific surface area

of the particles that is related to the perimeter length of

the intersection circles per unit of area, LA, by SV = (4/

p)LA.

Following earlier studies [17,19], a global bonding
capacity is used. When exceeded, the material is sup-

posed to yield under compressive loadings. The global

bonding capacity is—in analogy with van der Waals�
physical bond concept—taken proportional to the



Fig. 7. Section images of model cement PC30 with 10% RHA

replacement at specified distances from aggregate interface.
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reciprocal value to the third power of the mean free

spacing (i.e., k�3).

4.2. Results and discussion

A phenomenon detected earlier with SPACE, i.e., size
segregation in the vicinity of a rigid interface [17,19], is

shown in Fig. 6 for PC30 blended with 10% RHA.

The successive size fractions—only distinguished for illus-

tration purposes—have their peak contributions to total

volume fraction at distances from the rigid interface that

are proportional to the average sizes involved in the par-

ticle fractions. The total fractional volume density curve

does not reflect this size segregation phenomenon. In-
stead, it shows a steep ascending branch at the left that

is bending over to a plateau value at the right. The pla-

teau value (= bulk density) extends over most of the

cube width. Although the ITZ has no distinct bound-

aries, the plateau value can be imagined in accordance

with [17,19] to start at about 1/3rd of maximum grain

size, indicating the order of thickness of the ITZ for

compositional homogeneity, i.e., for density or porosity.
The grading inhomogeneity extends, however, outside

this ITZ zone, as illustrated by the section patterns of

Fig. 7, recorded at distances from the rigid interface of

1.3lm, 8.0lm, 23.3lm and 35.0lm, respectively. It

can be expected, therefore, that the ITZ thickness for

grading homogeneity will considerably exceed the one

for density. Fig. 8 shows the fractional volume density

curves for the investigated cases, demonstrating blend-
ing to reduce porosity in the layer immediately border-

ing the interface surface. Also, a tendency of reduced

ITZ thickness by blending is observed. This confirms

similar experiences when blending with silica fume. Bulk

density is improved somewhat by blending, although

only small differences were revealed between the two

investigated partial PC replacement levels. No dramatic
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distance to aggregate interface.
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effects of cement fineness on blending efficiency as to

densification of the ITZ or bulk were found.

Fig. 9 presents the effects of blending on the global

bonding capacity of the PC30 and PC40 model paste

mixtures. The most remarkable feature is the dispropor-
tional increase in bond capacity in the layer bordering

the rigid surface. In [19] this has also been found for

HPC mixtures (W/B = 0.2). In both cases, this effect

should be attributed to the size segregation phenome-

non. Further, in absolute terms, PC40 mixtures are

superior as to strength capacity, but even in Fig. 9 it is

obvious that the proportional improvements due to

blending (= blending efficiency) are larger in the case
of the coarser grained PC30. This is convincingly dem-

onstrated in Fig. 10, displaying the bonding capacity

of the blended mixtures normalized by the bulk bonding

capacity of the respective types of Portland cement. Spe-

cifically at the 10% partial replacement level, the blend-

ing efficiency of PC30 is roughly 60% exceeding that of

PC40. This is in qualitative agreement with the mechan-

ical experiments. These differences considerably declined
at the 20% partial replacement level. In all cases, blend-

ing efficiency is highest in the layer bordering the rigid
interface. Since the global bonding capacity, as defined

in this paper (supposed to be relevant for compressive

strength testing), is depending on local grading and

spacing characteristics, the associated ITZ will extend

over a larger distance from the rigid interface than in

the case of density homogeneity. This will get very pro-
nounced particularly in the range of water to cement ra-

tios between 0.2 and 0.3, as demonstrated in [14].

Because of its medium structure-sensitive character,

bond estimates show larger scatter than density esti-

mates, as can be concluded from a comparison of Figs.

8 and 9. To establish a proper estimate of the ITZ thick-

ness in the latter case, a series of similar simulations

should be performed (e.g., six in [19]). This is not the
topic of this paper, however.
5. Conclusions

The results presented in this paper show that partial

replacement of Portland cement by RHA leads to an

increased water demand, which can be compensated
for by the use of a superplasticizer. In addition, this



366 D.D. Bui et al. / Cement & Concrete Composites 27 (2005) 357–366
unfavourable effect is more pronounced for blends of

RHA with finer cements (PC40). It has been argued be-

fore [11,12] that RHA can be ground to a fineness

whereby the porous structure of the particles has col-

lapsed. This would dramatically reduce water demand

and the need to enhance the superplasticizer dosage.
Partial replacement of the PC with up to 20% RHA

by mass yielded increased early-age compressive

strength values only in the case of the gap-graded binder

mixtures. RHA blending improved strength properties

for both cement types. However, the gap-graded binder

gave rise to significantly higher relative strength values

for comparable cases. The magnitude of this blending

efficiency as to compressive strength increases with the
RHA content (in the studied partial replacement range).

It is demonstrated by the computer simulation approach

that the favourable results, particularly with the gap-

graded binder, are reflecting improved particle packing

leading to a decrease in porosity and particularly in

spacing. This inevitably results in more significant phys-

ical contributions to strength, earlier demonstrated to be

of significance in the lower range of W/C ratios [15,16].
Moreover, this probably caused the development of a

more homogenous microstructure of the hydrated ce-

ment paste in the ITZ, yielding also a more favourable

situation for the development of chemical contributions

to strength.
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