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To clarify the strength improvement mechanism of gap-graded blended cements with a high amount of
supplementary cementitious materials, phase composition of hardened gap-graded blended cement
pastes was quantified, and compared with those of Portland cement paste and reference blended cement
(prepared by co-grinding) paste. The results show that the gap-graded blended cement pastes containing
only 25% cement clinker by mass have comparable amount of gel products and porosity with Portland
cement paste at all tested ages. For gap-graded blended cement pastes, about 40% of the total gel prod-
ucts can be attributed to the hydration of fine blast furnace slag, and the main un-hydrated component is
coarse fly ash, corresponding to un-hydrated cement clinker in Portland cement paste. Further, pore size
refinement is much more pronounced in gap-graded blended cement pastes, attributing to high initial
packing density of cement paste (grain size refinement) and significant hydration of BFS.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Utilization of industrial by-products as supplementary cementi-
tious material (SCM) is an effective way not only to cost savings of
cement manufacturing, but also to resources and energy savings
and environment protection [1,2]. Blended cements usually give
a low early strength due to the low hydraulic or pozzolanic activity
of SCM, which also limits the substitution level of SCM in blended
cement. Bentz proposed that high performance blended cements
can be prepared by mixing fine SCM (<10 lm) and coarse cement
clinker, these cements also present desirable volume stability
and durability [3,4]. Since coarse cement clinker particles
(>32 lm) have very low hydration degree even at late ages, the
replacement of coarse cement clinker particles by inert filler parti-
cles is also suggested, and blended cements prepared by fine ce-
ment clinker and coarse inert fillers show only slightly decrease
in compressive strengths [5–7]. The above mentioned investiga-
tions prove that high performance blended cements with large
amount of SCM can be prepared by arranging cementitious mate-
rials in proper fractions based on their hydraulic activities.

Zhang proposed a gap-graded particle size distribution (PSD), in
which cement particles are divided into three or five fractions, and
gap-graded blended cement pastes present a high packing density
as voids are filled in, grade by grade [8,9]. Cementitious efficiency
of blended cement components can be optimized by arranging
SCM with high activity, cement clinker and SCM with low activity
012 Published by Elsevier Ltd. All
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(or inert fillers) in fine, middle size and coarse fractions, respec-
tively [10]. High performance gap-graded blended cements with
low clinker content can be prepared by arranging cementitious
materials in the gap-graded PSD according to their hydraulic activ-
ities. For instance, both 3 days and 28 days compressive strengths
of the gap-graded blended cements with only 25% cement clinker
by mass can be comparable with or higher than those of Portland
cement [9,10]. However, the strength improvement mechanism
of gap-graded blended cement has not been clearly explained.

The objective of the present study is to clarify the strength
improvement mechanism of gap-graded blended cements. The mi-
cro-structural development of gap-graded blended cement pastes,
Portland cement paste and reference blended cement (prepared by
co-grinding) paste were investigated. Based on the quantitative
analysis of gel products, un-hydrated components and porosity of
hardened cement pastes, the strength improvement mechanism
was discussed in detail. The results will contribute to reducing
CO2 emissions and obtaining substantial energy and cost savings,
by substituting larger amount of cement clinker with SCM.
2. Preparation of gap-graded blended cements

Portland cement clinker, blast furnace slag (BFS), and low cal-
cium fly ash (a Class F fly ash according to ASTM C 618 [11]) were
ground and then classified by an air classifier. By changing opera-
tional parameters, size fractions of cementitious materials required
by the gap-graded PSD were obtained. The PSDs of cementitious
material fractions used in the experiment are given in Fig. 1. The
rights reserved.
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Fig. 1. Particle size distributions of cementitious material fractions used in the
experiment.

Fig. 2. Particle size distributions of gap-graded blended cements and reference
cement.
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chemical compositions of raw materials and classified cementi-
tious material fractions are given in Table 1, from which nearly
no deviation in chemical composition is observed for given cemen-
titious material.

The mixture proportions of gap-graded blended cements and
reference cement are the same as shown in Table 2, while the fine-
ness of each component is quite different. The gap-graded blended
cements (BCF stands for gap-graded blended cement prepared by
fine BFS fraction (<8 lm), middle size cement clinker fraction (8–
32 lm) and coarse fly ash fraction (32–80 lm), and BBCFF stands
for gap-graded blended cement prepared by fine BFS fractions
(<4 lm and 4–8 lm), middle size cement clinker fraction (8–
Table 1
Chemical compositions of raw materials and classified raw material fractions used the ex

Material Density (g/cm3) Chemical composition (%)

SiO2 Al2O3 Fe2O3

Quartz sand 2.65 99.16 0.36

Portland cement clinker Original 3.14 21.6 4.35
8–24 lm 3.15 21.26 4.35
8–32 lm 3.15 21.34 4.42

BFS Original 2.90 35.22 12.15
<4 lm 2.88 34.98 12.00
4–8 lm 2.89 35.72 12.26
<8 lm 2.89 35.02 12.11

Low calcium fly ash Original 2.56 45.43 24.36
24–45 lm 2.56 46.50 24.46
45–80 lm 2.56 46.74 25.31
32–80 lm 2.57 46.62 25.09

Note: LOI, loss on ignition.

Table 2
Mixture proportions of gap-graded blended cements, Portland cement and reference ceme

BBCFF Fraction (lm) <4
Content 25%
Cementitious material BFS

BCF Fraction (lm) <8
Content 36%
Cementitious material BFS

Portland cement 100% Cement clinker
Reference cement 36% BFS + 25% Cement clinker + 39% fly ash

Note: 5% of gypsum dihydrate by mass of cementitious material was added for all the c
24 lm) and coarse fly ash fractions (24–45 lm and 45–80 lm))
were prepared by mixing each cementitious material fraction to
obtain as much as possible of homogeneity, while the reference ce-
ment and a Portland cement were prepared by co-grinding, and the
Blaine specific surface areas of these two cements were controlled
to be in the range of 350–360 m2/kg, which is seen to be equal to
those of the gap-graded blended cements approximately. Fig. 2
shows that the incremental PSD of reference cement has only
one peak, and those of BCF and BBCFF cements present three and
five peaks, respectively. It can be inferred that cements prepared
by co-grinding have a narrow PSD, while the gap-graded blended
cements present a wide PSD, resulting in a high initial packing den-
sity of cement paste.
periment.

CaO MgO K2O Na2O SO3 LOI

0.12 0.18 0.06 0.02 0.01 0.02 0.02

2.95 63.81 1.76 0.51 0.16 1.06 1.19
2.75 63.61 1.80 0.58 0.21 1.21 1.59
2.76 63.74 1.75 0.49 0.18 1.20 1.35

0.25 37.08 11.25 0.49 0.25 1.19 �0.36
0.24 36.54 11.42 0.51 0.25 1.48 1.37
0.26 36.56 11.28 0.48 0.25 1.21 �0.77
0.34 36.95 11.13 0.49 0.25 1.14 �0.9

6.70 7.53 1.51 1.23 0.36 1.03 7.88
6.68 7.35 1.55 1.08 0.32 0.93 6.72
6.74 6.96 1.56 0.97 0.31 0.87 6.57
6.63 7.34 1.52 1.05 0.33 0.91 6.50

nt.

4–8 8–24 24–45 45–80
11% 25% 19% 20%
BFS Cement clinker Fly ash Fly ash

8–32 32–80
25% 39%
Cement clinker Fly ash

ements in this table.



Table 4
Mixture proportions of a-Al2O3, cement clinker, BFS and fly ash for QXRD
measurement.

Sample Mixture proportion (%)

a-Al2O3 Cement clinker (BFS + fly ash)a

1 15 0 85
2 15 5 80
3 15 10 75
4 15 15 70
5 15 20 65
6 15 25 60
7 15 30 55

a The mass ratio of BFS to fly ash in the mixtures equals to that in gap-graded
blended cements (36:39).

Fig. 3. X-ray diffraction patterns of the mixtures of a-Al2O3 and blended cement
with different cement clinker content.

Fig. 4. Relationship between the intensity of diffraction peak at d = 0.276 nm and
cement clinker content in blended cements.
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3. Experiment and results

3.1. Fundamental properties of blended cements

Water requirement for normal consistency of blended cements
was determined according to EN 196-3 [12]. The maximum vol-
ume concentration of solids was used to characterize the packing
density of cement paste, and the method is specified in the litera-
ture [13]. The compressive strengths of cement mortars were
tested according to EN 196-1 [14].

Due to the fact that the fly ash used contains a high content of
un-burnt carbon and a large amount of porous particles, blended
cement pastes show higher water requirement for normal consis-
tency than Portland cement paste as shown in Table 3. Gap-graded
blended cement pastes present much higher maximum volume
concentration of solids than the reference cement paste and Port-
land cement paste, especially for BBCFF cement paste. Both 3 days
and 28 days compressive strengths of the gap-graded blended ce-
ments are much higher than those of reference cement. It should
be noted that the compressive strengths of BBCFF cement can be
comparable with those of Portland cement.

3.2. Quantitative analysis of phase composition of hardened cement
paste

Although water requirement for normal consistency of blended
cements varies so significantly due to different fine particle con-
tent, cement pastes or mortars with equal fluidity are largely used
in practical application. Therefore, in this study cement pastes with
normal consistency were cast into plastic bags and sealed before
placing the pastes in a 20 ± 1 �C water bath. Small pieces taken
from different parts of the hardened paste were put into ethyl alco-
hol to terminate their hydration after curing for 1, 3, 7, 14 and
28 days, then vacuum-oven-dried at 65 �C for at least 48 h [9].

3.2.1. The amount of un-hydrated cement clinker in blended cement
pastes

The amount of un-hydrated cement clinker was determined by
quantitative X-ray diffraction (QXRD) under the conditions of
40 kV, 15 mA, Cu Ka1, 0.05� 2h step size, and 3s/step using K-value
method, in which a-Al2O3 was used as internal standard substance
[15]. Mixtures of a-Al2O3 (15% by mass) and blended cement with
different cement clinker content as shown in Table 4 were ground
and subjected to QXRD measurement. The diffraction peak at
d = 0.276 nm (an overlap diffraction peak of C3S and C2S) was used
for quantitative analysis as shown in Fig. 3. Fig. 4 indicates that the
intensity of the diffraction peak (d = 0.276 nm) increases linearly
with the increase of cement clinker content.

The dried samples were also ground and mixed with 15% (by
mass) a-Al2O3, then QXRD was performed on the mixtures. Accord-
ing to the relationship between the intensity of the diffraction peak
(d = 0.276 nm) and the cement clinker content in Fig. 4, the content
of un-hydrated cement clinker remained in the hardened cement
pastes can be obtained, then the hydration degree of cement clin-
ker can be calculated. The results are presented in Fig. 5. The
hydration degree of cement clinker in the reference cement paste
Table 3
Water requirement for normal consistency, maximum volume concentration of solids and mortar strengths of gap-graded blended cements.

Cement Reference cement Portland cement BCF BBCFF

Water requirement for normal consistency 0.346 0.295 0.325 0.334
Maximum volume concentration of solids (%) 45.40 49.12 50.17 53.48
Compressive strength (MPa)

3 days 11.3 ± 0.1 23.5 ± 0.2 19.3 ± 0.2 24.1 ± 0.2
28 days 29.6 ± 0.3 45.0 ± 0.4 41.8 ± 0.3 43.8 ± 0.3



Fig. 5. The hydration degree of cement clinker in Portland cement, reference
cement, BBCFF and BCF cement pastes.

Fig. 6. DTA-TG curves of BCF cement pastes cured for different ages. (a) DTA curves.
(b) TG curves.

Fig. 7. Differential TG curves of BCF cement pastes cured for different ages.

T. Zhang et al. / Cement & Concrete Composites 34 (2012) 1024–1032 1027
is slightly higher than that in Portland cement paste in the first
7 days, while no obvious difference in hydration degree of cement
clinker was observed after 14 days. For the gap-graded blended ce-
ments, the hydration degree of cement clinker increases signifi-
cantly in the first 3 days, and can be higher than 90% after
28 days curing.

3.2.2. The Ca(OH)2 content in blended cement pastes
Differential thermal analysis–thermogravimetry (DTA–TG)

measurement (heating rate of 10 �C/min in nitrogen atmosphere)
was used to determine the Ca(OH)2 content in cement paste [16].
The DTA curves in Fig. 6 show a sharp endothermal peak between
400 and 500 �C due to the decomposition of Ca(OH)2 [17], therefore
the Ca(OH)2 content can be calculated by estimating the corre-
sponding weight loss from TG curves. A minor endothermal peak
around 700 �C (attribute to the decomposition of CaCO3) is also ob-
served due to the unavoidable carbonation of Ca(OH)2 during the
curing and drying processes [18]. In the present study, the Ca(OH)2

content in the cement paste is considered as the sum of Ca(OH)2

that remained in cement paste and Ca(OH)2 carbonated into CaCO3.
To clarify the decomposition temperature ranges of Ca(OH)2

and CaCO3, differential thermogravimetric (DTG) curves of BCF ce-
ment pastes were plotted as shown in Fig. 7. It is more reasonable
that 40–400 �C, 400–500 �C, and 650–730 �C are regarded as the
decomposition temperature ranges of gel products (mainly C–
S(A)–H and AFt), Ca(OH)2, and CaCO3, respectively [19,20]. The
Ca(OH)2 content in the blended cement pastes determined from
TG curves was shown in Fig. 8. Due to a high amount of un-hy-
drated cement clinker, the Ca(OH)2 content in the reference ce-
ment paste is relatively lower than those in gap-graded blended
cement pastes. Further, the Ca(OH)2 content in BBCFF cement paste
decreases significantly after 3 days due to the hydration of fine
(<4 lm) BFS particles, while only a slightly decrease of Ca(OH)2

content is observed after 7 days for BCF cement paste.

3.2.3. Hydration degree of BFS in blended cement paste
Since the coarse low calcium fly ash fractions used has a low

pozzolanic activity, fly ash in blended cement (both gap-graded
blended cements and reference cement) pastes is regarded as inert
material. Therefore, the hydration degree of BFS can be determined
by estimating the Ca(OH)2 content consumed by its hydration as
specified in the literatures [19,21]. The Ca(OH)2 content (deter-
mined by TG) in Portland cement pastes with different hydration
degree are shown in Fig. 9, from which it can be deduced that
1 g completely hydrated Portland cement generates 0.354 g
Ca(OH)2. Based on the hydration degree of cement clinker in
blended cement paste (Section 3.2.1, Fig. 5), the Ca(OH)2 content
generated from the hydration of cement clinker was calculated
as shown in Fig. 10. The Ca(OH)2 content consumed by BFS hydra-
tion can be obtained by Eq. (1) and is shown in Fig. 11:



Fig. 8. The Ca(OH)2 content remained in Portland cement, reference cement, BBCFF
and BCF cement pastes.

Fig. 11. The amount of Ca(OH)2 consumed by BFS hydration in reference cement,
BBCFF and BCF cement pastes.
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Fig. 9. Relationship between the hydration degree of cement clinker and the
amount of Ca(OH)2 generated.

Fig. 10. The amount of Ca(OH)2 generated in Portland cement, reference cement,
BBCFF and BCF cement pastes.
CHconsumed ¼ CHgenerated � CHremained ð1Þ

where CHconsumed, CHgenerated, and CHremained refer to the amount of
Ca(OH)2 consumed by BFS hydration, generated from cement clin-
ker hydration, and remained in cement paste (determined in Sec-
tion 3.2.2), respectively.

Meanwhile, the Ca(OH)2 content consumed by BFS hydration in
BFS-Ca(OH)2 paste was also measured, and the hydration degree of
BFS was also determined by ethylene diamine tetraacetic acid diso-
dium salt (EDTA) preferential solving method [22]. Fig. 12 shows
that the amount of Ca(OH)2 consumed by BFS hydration increases
linearly with the increase of the hydration degree of BFS, and it can
be inferred that 1 g completely hydrated BFS consumes 0.0915 g
Ca(OH)2. The hydration degree of BFS in blended cement paste
can be calculated by :

aBFS ¼
CHconsumed

CH0
ð2Þ

where aBFS is the hydration degree of BFS; CH0 is the amount of
Ca(OH)2 consumed by per completely hydrated BFS (9.15% by
mass).

The hydration degree of BFS in blended cement pastes calcu-
lated by Eq. (2) is given in Fig. 13. Gap-graded blended cement
pastes present significantly higher hydration degree of BFS than
the reference cement paste at all tested ages, especially for BBCFF
cement paste. For instance, the 3 days and 28 days hydration de-
Fig. 12. Relationship between the hydration degree of BFS and the amount of
Ca(OH)2 consumed.



Fig. 13. Hydration degree of BFS in reference cement, BBCFF and BCF cement pastes.

Table 5
Porosity of Portland cement, reference cement, BBCFF and BCF cement pastes cured
for different ages (vol%).

Curing age (day) 1 3 7 28

Reference cement 42.71 36.3 30.44 25.55
Portland cement 34.47 27.38 22.57 20.03
BCF 36.9 27.43 24.19 21.05
BBCFF 33.29 25.98 21.98 18.95
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grees of BFS in reference cement paste are 7.1% and 28.1%, respec-
tively. In contrast, the 3 days and 28 days hydration degrees of BFS
in BCF cement paste are 31.5% and 72.3% respectively, and can be
as high as 53.4% and 92.1% for BBCFF cement paste.

3.2.4. The amount of gel products in blended cement paste
The weight loss of samples in the range of 40–400 �C was used

to semi-quantitatively determine the amount of gel products in
blended cement pastes. Although the precision of this method is
limited, normally it is regarded that a larger weight loss in the
range of 40–400 �C means a higher amount of gel products in the
cement paste. It can be concluded from Fig. 14 that Portland ce-
ment paste has the highest amount of gel products, while reference
cement paste presents the lowest amount of gel products at all
tested ages. In contrast, gap-graded blended cement pastes have
much higher amount of gel products than the reference cement
paste, and the amount of gel products in BBCFF cement paste can
be comparable with that of Portland cement paste.

3.2.5. Porosity and pore size distribution of hardened cement paste
The porosity and pore size distribution of dried samples were

measured by mercury intrusion porosimetry (MIP, Poremaster-
60, contact angle: 140.7�) with an operating pressure up to about
500 MPa. Table 5 shows that the reference cement paste has the
highest total porosity at all tested ages, while gap-graded blended
Fig. 14. Weight loss from 40 to 400 �C of Portland cement, reference cement, BBCFF
and BCF cement pastes.
cement pastes present a much lower porosity. It should be noted
that the total porosity of BBCFF cement paste is even lower than
that of Portland cement paste after being cured for 28 days.
Fig. 15 indicates that a large proportion of pores in the reference
cement paste exists in the form of large-size pores (>100 nm)
due to small amount of hydration products, which is harmful to
the mechanical properties of hardened paste. In comparison with
the reference cement paste, the amount of large-size pores in
gap-graded blended cement pastes is reduced significantly, and
the proportion of fine pores (<50 nm) in gap-graded blended ce-
ment pastes is even larger than that of Portland cement paste,
especially for BBCFF cement paste. The refinement of pores in
gap-graded blended cement pastes can be attributed to high initial
packing density of cement paste (grain size refinement) and signif-
icant hydration of BFS.
4. Discussion

4.1. Classification of gel products

In the above analysis, coarse fly ash fractions used is regarded as
inert material. To verify if the hypothesis is reasonable, the amount
of gel products generated from the hydration of cement clinker,
fine BFS and pozzolanic reaction of coarse fly ash were character-
ized. Gap-graded blended mixtures with the proportions shown
in Table 6 were prepared through substituting fine BFS or coarse
fly ash fractions by corresponding quartz sand fractions. Specimens
were obtained by mixing these mixtures and water at a water/all
cementitious materials ratio of 0.334 (water requirement for nor-
mal consistency of BBCFF cement). When fine quartz sand powder
is used, the specimen is not cement paste anymore. The specimens
were cast into plastic bags and sealed before placing the pastes in a
20 ± 1 �C water bath. After curing for 1, 3, 7, 14 and 28 days, the
specimens were vacuum-oven-dried and subjected to DTA-TG
measurement. The weight loss from 40–400 �C of these specimens
is given in Fig. 16. By comparing the difference in weight loss from
40–400 �C of BBCQQ and BBCFF specimens, it can be inferred that
the coarse fly ash fractions don’t have significant influence on the
amount of gel products, indicating that the coarse fly ash fractions
in gap-graded blended cement paste can be considered as inert
material. Therefore the gel products in BBCFF specimen can be
attributed to the hydration of cement clinker and fine BFS, while
those in QQCFF specimen is only attributed to the hydration of ce-
ment clinker. It can be calculated that gel products generated from
the hydration of fine BFS in BBCFF cement paste accounts for 42.2%
and 44.0% of the total gel products at 3 days and 28 days,
respectively.
4.2. Phase composition of hardened cement paste

Since the porosity and the weight percentages of Ca(OH)2, un-
hydrated cement clinker, BFS, and fly ash (regarded as inert mate-
rial) in hardened cement paste were obtained, the volumetric
phase composition of hardened cement paste can be calculated
as follows. The volume of pores equals to the porosity of hardened



Fig. 15. Pore size distributions of hardened Portland cement, reference cement, BBCFF and BCF cement pastes. (a) Cement pastes cured for 1 day. (b) Cement pastes cured for
3 days. (c) Cement pastes cured for 7 days. (d) Cement pastes cured for 28 days.

Table 6
Mixture proportions of gap-graded blended cements with quartz sand.

Fraction (lm) <4 4–8 8–24 24–45 45–80
Content (%) 25 11 25 19 20

BBCFF BFS BFS C Fly ash Fly ash
BBCQQ BFS BFS C Quartz sand Quartz sand
QQCFF Quartz sand Quartz sand C Fly ash Fly ash
QQCQQ Quartz sand Quartz sand C Quartz sand Quartz sand

Note: 5% of gypsum dihydrate by mass of cementitious material was added for all the cements in this table.

Fig. 16. Weight loss from 40 to 400 �C of gap-graded blended cements with ground
quartz sand.
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cement paste, therefore the volume of solid phases can be calcu-
lated by :

VS ¼ 1� VP ð3Þ

where VS and VP represent volume percentages of solid phase and
pores, respectively.

The specific densities of cement clinker, BFS, fly ash can be ob-
tained from Table 1, and that of Ca(OH)2 used is 2.24 g/cm3 [23].
Therefore, the volume percentages of Ca(OH)2, un-hydrated ce-
ment clinker, BFS, and fly ash can be calculated from their weight
percentages, thus the volume percentage of gel products can be ob-
tained by :

VG ¼ VS � VC � VB � VF � VCH ð4Þ

where VG, VC, VB, VF, and VCH are volume percentages of gel products,
un-hydrated cement clinker, BFS, fly ash and Ca(OH)2, respectively.

Pores usually are harmful to the strength development of hard-
ened cement paste, while gel products (including AFt, C–S–H and
C–A–H gels) are the source of strength development. Further, the
binding between ‘‘micro-aggregates’’ (Ca(OH)2 and un-hydrated



Fig. 17. Phase composition of hardened Portland cement, reference cement, BBCFF and BCF cement pastes. (a) Portland cement paste. (b) Reference cement paste. (c) BCF
cement paste. (d) BBCFF cement paste.

Table 7
Phase composition of hardened Portland cement, reference cement, BBCFF and BCF
cement pastes cured for 28 days (volume percentage).

Category Gel products Pore ‘‘Micro-aggregates’’

Phase C–S–H, C–A–
H gel and AFt

Porosity Cement
clinker

Ca(OH)2 BFS Fly
ash

Sum.

Portland
cement

51.46 20.03 16.24 12.27 0 0 28.51

Reference
cement

39.28 25.55 3.59 2.35 11.66 17.57 35.17

BCF 50.35 21.05 0.92 2.94 5.04 19.70 28.60
BBCFF 53.98 18.95 0.60 3.04 1.58 21.84 27.06
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components) and gel products also has significant influence on the
strength of hardened cement paste. Thus, phases in hardened ce-
ment paste can be classified into three categories, as gel products,
pore, and ‘‘micro-aggregates’’.

Fig. 17 and Table 7 show that the volume percentage of gel
products in Portland cement paste cured for 28 days is 51.5%, while
the volume percentages in BCF and BBCFF cement pastes are 50.4%
and 54.0% respectively, decreasing to 39.3% for the reference ce-
ment paste. For gap-graded blended cement pastes and Portland
cement paste, no obvious difference in porosity is observed at all
tested ages. However, the porosity of reference cement paste is
much higher than those of gap-graded blended cement pastes.
Portland cement paste cured for 28 days contains 16.2% un-hy-
drated cement clinker and 12.3% Ca(OH)2. In contrast, the amounts
of un-hydrated cement clinker and Ca(OH)2 in blended cement
paste are reduced sharply. Compared to the reference cement
paste, gap-graded blended cement pastes have lower contents of
un-hydrated cement clinker and BFS. The volume percentage of
the so-called ‘‘micro-aggregates’’ in gap-graded blended cement
pastes is about 28%, which nearly equals to that in Portland cement
paste, while the volume percentage of ‘‘micro-aggregates’’ in the
reference cement paste can be as high as 35.2%.

By arranging BFS and cement clinker in fine and middle frac-
tions respectively, both cement clinker and BFS in gap-graded
blended cement pastes present much higher hydration degree than
those in reference cement paste. As a result, the volume percentage
of gel products in gap-graded blended cement pastes can be com-
parable with that of Portland cement paste, although only 25% ce-
ment clinker by mass is used. The main un-hydrated component in
gap-graded blended cement pastes is coarse fly ash, corresponding
to un-hydrated cement clinker in Portland cement paste. Due to
‘‘grain size refinement’’ and significant hydration of BFS, the micro-
structure of gap-graded blended cement pastes appears even den-
ser than that of Portland cement paste, especially for BBCFF cement
paste. Therefore the compressive strengths of gap-graded blended
cements are significantly higher than those of the reference ce-
ment, and only slightly lower than those of Portland cement due
to the poor binding between coarse fly ash and gel products [24].
5. Conclusions

Gap-graded blended cement pastes containing 25% cement clin-
ker have a comparable amount of gel products and porosity with
Portland cement paste at all tested ages, and about 40% of the total
gel products is attributed to the hydration of fine BFS in gap-graded
blended cement paste. Pore size refinement is much more pro-
nounced in gap-graded blended cement pastes than in Portland ce-
ment paste, due to a high initial packing density of cement paste
(grain size refinement) and significant hydration of BFS. The ‘‘mi-
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cro-aggregates’’ in gap-graded blended cement pastes mainly con-
sists of coarse fly ash, corresponding to the un-hydrated cement
clinker and Ca(OH)2 in Portland cement paste, otherwise the vol-
ume percentage of ‘‘micro-aggregates’’ in gap-graded blended ce-
ment pastes nearly equals to that in Portland cement paste. Gap-
graded blended cement pastes present a similar micro-structural
development to Portland cement paste, resulting in significant
improvement of mechanical properties of hardened cement paste.
The results give a better understanding of the micro-structural
development of gap-graded blended cement paste.
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