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� A mathematical model simulating the packing density of blended cement was derived.
� Cements with limestone of different particle sizes and various quantities were used.
� The model was derived based on a linear packing density of grain mixtures models.
� The predicted packing density was validated by experimental values.
� The modified model could accurately simulate the packing densities of the blended cements.
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a b s t r a c t

Amathematical model simulating the packing density of blended cement with limestone having different
particle sizes added in various quantities was derived from models created by Stovall and de Larrard and
was developed based on a linear packing density model of grain mixtures. The predicted packing density
was validated by experimental values. Following our small and simple modifications, the Stovall and de
Larrard models could accurately simulate the packing densities of blended cements with different
particle sizes in various combinations, mainly those related to the interaction functions accounting for
loosening l(r) and wall w(r) effects and the compaction index, K.

� 2015 Published by Elsevier Ltd.
1. Introduction

Over the years, there has been a growing interest in the
development of a blended Portland cement, in which the amount
of clinker is reduced and partially replaced by mineral additives.
Limestone is one of the most attractive additives, because it is
considered natural, available and economical. According to
EN-197n1, all 27 common types of cement may contain up to 5%
minor additional components (MAC), usually limestone. Nonethe-
less, there are four types of cement permitted to have a higher
content of limestone in two replacement ranges, CEM II/A-L
and CEM II/A-LL (6–20% limestone), as well as CEM II/B-L and
CEM II/B-LL (21–35% limestone). The motivations for attempting
to reduce the clinker content are threefold: (1) ecological benefits,
due to lower emission of CO2 into the atmosphere; (2) economic
benefits, due to cost reduction; and (3) technological benefits,
due to the resulting improvement in the performances of both
the cement and the concrete.

Partial replacement of the clinker by mineral additives was
found to affect the performances of the blended cement with lime-
stone: the initial and final setting times [1,2]; the hydration rate
and degree [3–5]; the compressive strength after 1 day and 28 days
[3,6]; the workability of the fresh paste [7]; the water requirement
for reaching a normal consistency [8]; and the packing density of
the blended cement [7,9,10]. The effect of partial replacement
of the cement with additives was mostly shown by the influence
of fine powders with sizes smaller than that of the clinker.
For example, the addition of nano-limestone to accelerate the
hydration of blended cement with fly ash [2] and the effect on
the hydration rate and compressive strength caused by the partial
replacement of cement with ultrafine particles with an average of
0.07 lm [3] were reported. There are fewer reports on the addition
of coarse particle limestone (larger than or equal to the size of the
clinker). It was shown by Bentz et al. [2] that the setting time of
blended cement with 4.4 lm limestone was lower than that with
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Nomenclature

ci virtual packing density if component i dominates
ßi packing density of component i
l(r) loosening effect
w(r) wall effect
yi fractional solid volume of component i
r limestone particle size ratio

di diameter of powder particle in size group i
/ real (experimental) packing density
K compaction index
a numerical constant value
b numerical constant value

Y. Knop, A. Peled / Construction and Building Materials 102 (2016) 44–50 45
larger sized limestone particles (16.4 lm). Earlier work [11] exam-
ined the setting history of blended cements with limestone of dif-
ferent sizes and in different quantities. Limestone particle size was
found to have a substantial influence on the surface area and pack-
ing density of the resultant blended cement. The packing density
has a tremendous effect on the fresh and hardened cement paste
and on concrete performances [7–9,11–13], as indicated in many
experiments.

The goal of this work is to provide a mathematical tool for pre-
dicting the packing density of blended cements with limestone in
different sizes and quantities. The packing densities of two types
of blended cements with limestone were investigated: limestone
having single-sized particles (larger, smaller and similar to the
original cement particles) and limestone having various combina-
tions of particle sizes. This model was validated by means of exper-
imental results in our prior works [11,13].
2. Modeling background

Several mathematical models were developed to predict the
packing density of cement pastes containing particulate additives,
as well as aggregates, in concrete [14–17]. Stovall et al. [17] devel-
oped a model to predict the packing density of multi-sized grain
mixtures, given in Eq. (1):

ci ¼
ßi

1�Pi�1
j¼1 1� ßi þwðrÞßi 1� 1

ßj

� �h i
yj �

Pn
j¼jþ1 1� lðrÞßi

ßj

h i
yi

ð1Þ

where ci is the virtual packing density, if component i dominates; ßi

and ßj are the packing densities of components i and j; yi represents
the fractional solid volume of component i; r is the size ratio
between components i and j; and lðrÞ and wðrÞ are the interaction
functions accounting for loosening and wall effects, respectively
(described in the following).

Two different effects were introduced by the Stovall model that
influence packing density the loosening effect and the wall effect.
Fig. 1. Reduction of the packing density by large (designated 1) and small
(designated 3) grains in a ternary mixture [18]. In the diagram, the medium-sized
grains (designated 2) are separated by the small-sized grains, causing a loosening
effect, while they are being kept apart by the large grains, causing a wall effect.
The loosening effect describes a situation in which small particles
present between larger particles, leading to the separation of the
larger particles (Fig. 1). The wall effect describes a situation in
which large particles cause interstitials in the grain mixture too
small to be filled by other-sized particles; leaving voids with low
packing of the particles around the perimeters of the larger parti-
cles (Fig. 1).

Several models were developed, based on the Stovall model, to
predict the packing density of blended cement with different min-
erals mostly having a single particle size [19,20]. In order to pre-
cisely calculate the packing density with such models, one must
first predict the loosening and wall effects. Yu et al. [21] developed
a model to calculate the interactions between components i and j
for loosening, lðrÞ and wall, wðrÞ effects, given in Eqs. (2) and (3),
respectively. These equations were formulated based on the pack-
ing density of spherical particles only:

lðrÞ ¼ 1� ð1� rÞ3:3 � 2:8rð1� rÞ2:7 ð2Þ

wðrÞ ¼ 1� ð1� rÞ2:0 � 0:4rð1� rÞ3:7 ð3Þ
where r is the limestone particle size ratio.

de Larrard [18] expressed the loosening and wall effects accord-
ing to Eqs. (4) and (5), respectively:

lðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� rÞ1:02

q
ð4Þ

wðrÞ ¼ 1� ð1� rÞ1:5 ð5Þ
The loosening effect f and the wall effect g were also defined by

Guo et al. [16] according to the following equations:

f ði;kÞ¼0:52
dk

di

� �2:8

þ3:15
dk

di

� �
1�dk

di

� �2:9
" #

k¼ iþ1; . . .n ð6Þ

gði; kÞ ¼ 1:13 1� di

dk

� �1:0

k ¼ 1; . . . :i� 1 ð7Þ

where di is the diameter of a powder particle in size group i.
Guo et al. calculated the packing density by measuring the flu-

idity of blended cement with slag through a cylinder. The mea-
sured packing density was obtained from the amount of water
required to reach the same fluidity in samples with different
particle-size distributions. The loosening and the wall effects
(Eqs. (6) and (7)) were then used to calculate the predicted packing
density of the blended cement with slag.

The loosening and wall effects were calculated for the range of
particle size ratios presented in Fig. 2, using the three models
described above (Eqs. (2)–(7)), of Yu et al., de Larrard, and Guo
et al. The calculated values of the loosening effects, based on the
de Larrard model, are larger than those obtained from the Yu
model up to a size ratio of 0.55; from that point on an opposite
trend is observed (Fig. 2a). However, the calculated values obtained
by the Guo model are significantly lower than those obtained by
the other two models. When comparing the calculated values for



Fig. 2. Interaction function for (a) loosening effect (b) wall effect.
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the wall effects (Fig. 2b), a less significant difference is observed
between the three models. Following the above comparison, the
interaction effects vary for different particulates and must be
adjusted relevant to each system, yet all are based on the Stovall
linear packing density model for grain mixtures [17].
3. Packing density prediction

3.1. Existing model

In the current study, a packing density prediction was made for
blended cements with limestone in various quantities and particle
sizes: larger, similar and smaller than that of the plain cement. We
based our calculations on the mathematical model developed by
Stovall [17] (Eq. (1)), adapting the interaction functions of the loos-
ening and wall effects developed by de Larrard [18] (Eqs. (4) and
(5)), originally developed to predict a binary mix that fits well in
our case. In the de Larrard model, the degree of compaction was
defined by index K; the relation between / (the real packing den-
sity) and K is given in Eq. (8):

K ¼
Xn
i¼1

yi
ßi

1
/ � 1

ci

ð8Þ

where yi represents the volume fraction of the limestone in the
blended cement; ßi – the packing density of the n elementary gran-
ular classes in the mixture; ci is the virtual packing density of the
mixture, when i is considered as the main particle size (also see
Eq. (1)). The interaction coefficient values 1.02 and 1.50 were calcu-
lated for the loosening and wall effects, respectively (Eqs. (4) and
(5)) by the calibration of mono-dispersed aggregate systems, using
the interaction effects lðrÞ and wðrÞ (Eqs. (4) and (5)) and com-
paction index, K, in Eq. (8).
To simulate the packing density of different blended cements
with limestone according to Eq. (1), ßi must be determined. Doing
so, the real packing density, / , of the blended cement (Eq. (8)) may
be defined as calculated by Eq. (9) (following Lecomte et al.) [19].
This method of calculation is based on experimental results that
measured the amount of water required to reach a normal consis-
tency according to EN-196/3. The assumption is that this amount
of water is a consequence of the free voids between the particles,
thus, indicating the packing density of the particles within the dif-
ferent blended cements:

Ø ¼ 1
1þ qP

w
p

ð9Þ

where Ø is the experimental packaging density (the real packing
density in Eq. (8)), W is the water requirement of normal consis-
tency, P is the powder weight and qp is the specific density of the
dry powder.

Following this procedure (EN-196/3), the amount of water
required to reach a normal consistency was measured for several
different blended cements. CEM I 52.5 Rwith average particle diam-
eter of 17 lm was replaced with 30% limestone powders (>99.8%
CaCO3) having six different particle diameters—smaller than, larger
than, or similarly sized to the original cement: 70 lm, 53 lm,
25 lm, 23 lm, 7 lm and 3 lm. For more details see Ref. [11].

The packing density, Ø, for each of the blended cements with the
different aforementioned particle sizes and having 30% limestone
were calculated using Eq. (9) based on the water demandmeasured
to reach normal consistency, the values are presented in Table 1.
The loosening, lðrÞ and wall, wðrÞ effects were calculated for all
these blended cements according to Eqs. (4) and (5), respectively
as were developed by de Larrard. The compaction index, K (Eq.
(8)), was taken to be equal to 4.8, as was reported by Lecomte
et al. [19] for similar mixtures used in this work (binary mixtures,
cement-mineral admixtures). Therefore by knowing all required
parameters for limestone amount of 30%, the values of ßi were
determined by solving Eqs. (1) and (8). Knowing the ßi values, it
became possible to calculate the packing density, ci, by means of
the Stovall model (Eq. (1)) for blended cements with any limestone
content and any particle size. The predicted packing density values
of blended cements with 10% and 20% limestone and various sized
particles were calculated and presented in Fig. 3. These values are
compared with the experimental packing density values calculated
based on Eq. (9) (Table 1). Formore detailed of the water demand to
reach normal consistency related to the particle sizes see Ref. [13].

From Fig. 3, according to the experimental results, an increase
in the limestone particle size leads to greater packing densities;
however, this is not the same for the predicted results. For the
large- and medium-sized limestone particles (70 lm, 53 lm,
25 lm, and 23 lm), a good correlation between the predicted
and the experimental values is observed, but for the small particle
sizes (CC7 lm, CC3 lm), the predicted values do not fully fit with
the experimental ones. Accordingly, the models developed by Sto-
vall and de Larrard can accurately predict the packing densities of
blended cements with large- and medium-sized limestone parti-
cles, but are less accurate in regard to blended cements with small
particles (CC7 lm, CC3 lm), smaller than those of the cement.

3.2. Modified model

To better predict the packing densities of blended cements with
particle sizes smaller than those found in the original cement, a
modification of the existing models is essential. Our approach
was to modify the loosening and wall effect values, since those val-
ues are highly dependent on the particle arrangement within the
blended cement, which, in turn, depends on the ratio between



Table 1
Experimental packing densities and the water demand to reach normal consistency of the tested powders (original cement and limestone) for 10%, 20% and 30% limestone
contents calculated by Eq. (9).

Median particle
size, lm

Limestone content, % (by mass)

10 20 30

Packing density, Ø
volume solid/total volume

Water demand,
gr

Packing density, Ø
volume solid/total volume

Water demand,
gr

Packing density, Ø
volume solid/total volume

Water demand,
gr

70 0.5426 137.5 0.5500 135.0 0.5670 127.5
53 0.5382 140.0 0.5455 137.5 0.5529 135.0
25 0.5294 145.0 0.5323 145.0 0.5352 145.0
23 0.5294 145.0 0.5323 145.0 0.5352 145.0
7 0.5294 145.0 0.5280 147.5 0.5309 147.5
3 0.5252 147.5 0.5197 152.5 0.5067 162.5

The original cement packing density is 0.5223 and the water demand is 147.5 gr.

Fig. 3. Calculated (Eq. (1)) and experimental (Eq. (9)) packing density with (a) 10%
limestone and (b) 20% limestone.
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the particle sizes. We based our modification on the trend pre-
sented in Fig. 2, showing differences in the values of the loosening
and wall effects introduced by several models. As such, Eqs. (4) and
(5) (developed by de Larrard) were modified to provide more accu-
rate tools that fit better to the systems tested in this work for the
prediction of blended cement packing density having a range of
particles sizes larger and smaller than that of the original cement
investigated in our work. The modified equations for the loosening
and wall effects are given as Eqs. (10) and (11), respectively:

lðrÞ ¼ ½1� ð1� rÞa� ð10Þ
Fig. 4. The modified calculated values of ßi for limestone powders having different
sizes.
wðrÞ ¼ 1� ð1� rÞb ð11Þ

where a and b are numerical constant values.
Knowing the values of the experimental packing density, /
(Table 1), the compaction index K = 4.8 and the limestone content,
30%, it was possible to determine the values of the constants, a and
b (in Eqs. (10) and (11)). This was done by altering the values of a
and b until the value of ci derived fromEq. (1) was equal to the value
of ci derived from Eq. (8). Following this procedure, the values of a
and bwere found to be 0.306 and 0.800, respectively. Note that the
values of a and b are mainly influenced by the size of the particles,
thus different values are suggested here for fine particles than those
suggested by de Larrard that dealt with aggregates. The obtained ßi

values (in Eqs. (1) and (8)) of the modified model are presented in
Fig. 4. The greatest packing densities of the limestone powders
are observed for limestone with similar-sized particles to those of
the original cement particles, while the limestonewith smaller par-
ticles showed the lowest packing density.

Fig. 5 compares the modified loosening and wall effect values
calculated by Eqs. (10) and (11) to those calculated based on de
Larrard (Eqs. (4) and (5)), showing the expected differences
between the two models. Compared to the de Larrard values, our
modified values are greater for the loosening effect and smaller
for the wall effect. It is also interesting to note that according to
Fig. 5b the wall effect values verses the particle size ratios are
behave slight differently when comparing the two models, de Lar-
rard and the modified one (Eq. (11)). The modified model observed
linear increase for the entire presented values, up to ratio 1.0; how-
ever according to de Larrard model the well effect values are lin-
early increase up to particle size ratio of 0.6, but above this ratio
the trend is slightly changed showing more moderate increased
behavior. These differences in between the two models might be
explained based on the different tested systems. In the current



Fig. 5. Comparison of the modified (a) loosening effect values (Eq. (10)) and (b) wall
effect values to those of de Larrard (Eqs. (4) and (5)).
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work fine powders were tested, while de Larrard tested aggregates
of much larger particle sizes.

The packing density, ci, was calculated (Eq. (1)) for all the
blended cements with different-sized particles using the modified
loosening and wall effect values. These calculated results are com-
pared in Fig. 6 to the experimental packing density values, /
(Table 1), of blended cements with 10% and 20% limestone, relative
to the limestone particle sizes. A good correlation is clearly
observed between the calculated and experimental values for both
limestone contents, 10% and 20%. Here, both the calculated and the
experimental values decrease with a reduction in the limestone
particle size. This trend is opposed to the one presented in Fig. 3,
Fig. 6. Packing density, ci of the calculated results by the modified model and
experimental results (Table 1) of blended cements with 10% and 20% limestone and
various particle sizes.
where the predicted values of the small-sized particle systems
increased, rather than decreased, relative to those of the
medium-sized particle systems.

It may be concluded that the models of Stovall and de Larrard
can accurately simulate the packing density of the blended
cements investigated in our work in cases where only small and
simple modification is required. The modified model developed
in this work provides an accurate tool for predicting the packing
density of blended cements containing any limestone particle size
(larger, similar or smaller to that of the cement) for any required
limestone content.

3.3. Blended cement with limestone having combined particle sizes

The packing density of blended cement is highly dependent on
its particle size, as was clearly shown in the previous sections and
our earlier works [11,13]. Combining different-sized limestone
particles within the same blended cement creates a higher packing
density. An increase in packing density may be obtained by achiev-
ing optimal proportions between the different-sized particles in
the blended cement [8]; this result is preferable to the one attained
for blended cement with single-sized limestone particle additives
[11,13]. As such, the packing density of blended cements with
combined limestone particle sizes was further explored. The orig-
inal cement was partially replaced by limestone powder containing
a combination of particle sizes, both larger and smaller than the
original cement particles.

We examined the ability of the above-developed model to pre-
dict the packing density of those newly blended cements with the
combined limestone particle sizes. To this end, we partially
replaced the original cement with ‘combined’ limestone powders
(having large-sized particles, CC70 lm, and small particles,
CC3 lm), replacing 5%, 20% and 35% of the cement (as permitted
according to EN-197/3). The various, examined blended and com-
bined cements are presented in Table 2. For each different blended
cement combination, the amount of water required in order to
attain a normal consistency was measured (according to EN-
196/3) and the experimental packing density was calculated by
Eq. (9), as presented in Table 2.

The packing density, ci, of the blended cements with the com-
bined particle sizes was predicted by Eq. (1) using the modified
loosening andwall effect calculations described above in Section 3.2
(by Eqs. (10) and (11), where a = 0.306 and b = 0.800, respectively).
The real packing density, /, was calculated according to Eq. (8)
(K = 4.8). Fig. 7 presents the predicted values, as compared to the
experimental results for each of the three limestone quantities
(5%, 20%, and 35%). Note that only the combinations that provided
the greatest packing density for each quantity are presented. In
these limestone systems due to the combination of several particle
sizes the packing density is better than that of the original cement
made of single size particles only. This means that by replacing the
single size cement with the improved packed limestone powder the
Table 2
Experimental results for the packing densities of blended cements with limestone
with large and small particle combinations in various quantities.

Limestone
content
(% by mass)

Combination of
limestone sizes

Packing density, Ø
volume solid/total
volume

5 3.5% CC70 lm + 1.5% CC3 lm 0.5391
3.0% CC70 lm + 2.0% CC3 lm 0.5329

20 17.0% CC70 lm + 3.0% CC3 lm 0.5623
16.0% CC70 lm + 4.0% CC3 lm 0.5571

35 30.0% CC70 lm + 5.0% CC3 lm 0.5776
28.0% CC70 lm + 7.0% CC3 lm 0.5748



Fig. 7. Calculated by the modified model and experimental packing density of
blended cements with 5%, 20% and 35% limestone and combined particle sizes.

Fig. 8. Calculated packing density (K = 5.4) and the experimental packing density of
the blended cements with different limestone contents (a) 5%, (b) 20%, (c) 35%.
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packing density of the entire blended cement is greater, therefore as
the content of the limestone increases the packing density of the
blended cement is increased accordingly (Fig. 7). The same trend
– increased packing density with increased limestone content –
was obtained for both the calculated and the experimental values;
however, there are some differences in the packing density values
between these two effects. Based on these results, the modified
model cannot fully simulate the packing density of blended
cements with combined particle sizes and some further modifica-
tion is required.

Following Lecomate et al. [19], who found small differences in
the K index for various tested cements, the compaction index K
(Eq. (8)) for the combined particle size cements was slightly chan-
ged. Lecomate et al. [19] showed, for example, that the best fit
between the real and the simulated packing density of blended
cement with fly-ash was obtained by K = 5.0. Several values of
the K index were examined and the best fit was obtained with
K = 5.4. The calculated packing density values (Eq. (1)) using
K = 5.4 (Eq. (8)) for blended cements with combined particle sizes
are presented in Fig. 8; they are compared to the experimental
packing density values (Table 2) relative to the size combinations
for 5%, 20% and 35% limestone contents. Good prediction of the
packing density is observed for all the studied, blended and com-
bined (limestone) cements using K = 5.4. Note, however, that the
high (35%) limestone cement showed a slight deviation between
the calculated and the experimental data, which is most significant
in cases of very fine particle cements containing only 3 lm parti-
cles. According to Kwan [7], when fine powders are used, strong
inter-particle forces exist, causing agglomeration and the loosen-
ing of particle packing in cementitious materials. This being the
case may make the measurement of the packing density by means
of the water requirement difficult and somewhat problematic in
those blended cements having a very high content of fine powder;
such a situation may yield a slight deviation between the calcu-
lated and the experimental values (Fig. 8c).

Fig. 8 emphasizes several trends that can be predicted by our
modified model (based on the Stovall and de Larrard models):

i. The packing densities of blended cements with larger lime-
stone particles than those of the original cement are greater
than that of the original cement, mainly for blended cements
with high quantities of limestone (20% and 35%; Fig. 8b and c)
and vice versa; the packing densities of blended cements
with smaller limestone particles than those of the original
cement are lower than that of the original cementwith a high
limestone content (35%).
ii. Optimal packing densities are obtained by means of specific
particle-size combinations for each different quantity (5%,
20%, 35%) of cement replaced by the limestone, as also
reported by Gallias et al. [8] Optimal powder packing was
obtained at a ratio of 0.2 between the small and the large par-
ticles (CC3/CC70) in high limestone-content cements (20%
and 35%). For the low-content blended cements, this ratio is
much higher, 0.4. That is to say, that in blended cements with
small quantities of limestone additives, a greater amount of
fine particles is required to promote their dense packing,
whereas in high-content limestone blended cements, fewer
fine particles are needed to pack the powder well.

iii. A high content of small limestone particles greatly decreases
the packing density of blended cements, especially with 20%
and 35% additives. This means that too much fine powder,
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relative to the larger particles, stymies the creation of a
dense powder arrangement.

4. Conclusions

Packing densities of blended cements with limestone were cal-
culated on the basis of models developed by Stovall and de Larrard.
Blended cements with single-sized limestone particles, larger than,
similar to and smaller than the original cement particles were
examined, as well as blended cements with various combinations
of large and small particles. The calculated packing density values
of the different blended cements were correlated with experimen-
tal data obtained by measuring the amount of water required to
reach a normal consistency.

After our aforementioned investigations and minor modifica-
tions, it may be concluded that the Stovall and de Larrard models
accurately simulate the packing density of blended cements with
different-sized additive particles in various combinations, mainly
those related to the interaction functions accounting for loosening
lðrÞ and wall wðrÞ effects and the compaction index K.

The loosening and wall effects developed by de Larrard can
accurately predict the packing densities of blended cements having
similar- or larger-sized particles than the original cement; how-
ever, the de Larrard model does not fit accurately enough to predict
the packing densities of blended cements with fine-sized particle,
smaller than those of the original cement. The modification of
the interaction functions, e.g., loosening and wall effects, was
mainly obtained by adjusting the coefficient values. Values of
0.306 and 0.800 for a and b in Eqs. (10) and (11), respectively, were
found to best fit the packing density calculations for blended
cements with the various particle sizes investigated in this work.

The compaction index, K (Eq. (8)), varied slightly between
single-sized particle blended cements and combined-sized particle
blended cements; the K values of 4.8 (following de Larrard) and 5.4
(following Lecomate et al.) were employed, respectively.

The modified model developed in this work provides an accu-
rate tool for predicting the packing densities of blended cements
containing any limestone particle size (larger than, similar to or
smaller than that of the original cement) in all the various quanti-
ties and combinations. Simulating such kind of blended cements
made with limestone of different particle sizes (not only one size)
will enable to design more sustainable blended cements with low
clinker content and improved properties.
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[10] GÖzde Inan Sezer, Oğuzhan Çopuroğlu, Kambiz Ramyar, Microstructure of 2
and 28-day cured Portland limestone cement pastes, Indian J. Eng. Mater. Sci.
17 (2010) 289–294.

[11] Knop Yaniv, Peled Alva, Setting behavior of blended cement with limestone:
Influence of particle size and content, Mater. Struct. (2014), http://dx.doi.org/
10.1617/s11527-014-0509-y.

[12] Burak. Felekoğlu, Effects of PSD and surface morphology of micro-aggregates
on admixture requirement and mechanical performance of micro-concrete,
Cem. Concr. Compos. 29 (2007) 481–489.

[13] Knop Yaniv, Peled Alva, R. Cohen, Influence of limestone particle size
distributions and contents on blended cement properties, Constr. Build.
Mater. 71 (2014) 26–34.

[14] Wang Aiqin, Zhang Chengzhi, Zhang Ningsheng, The theoretic analysis of the
influence of the particle size distribution of cement system on the property of
cement, Cem. Concr. Res. 29 (1999) 1721–1726.

[15] Adil Amirjanov, Konstantin Sobolev, Optimization of a computer simulation
model for packing of concrete aggregates, Part. Sci. Technol. 26 (2008) 380–
395.

[16] Guo Ye, Huang Xin, Zhu Baolin, A calculation method for packing density of
powder in paste with continuous grain size distribution, Key Eng. Mater. 477
(2011) 125–131.

[17] T. Stovall, F. de Larrard, M. Buil, Linear packing density model of grain
mixtures, Powder Technol. 48 (1986) 1–12.

[18] F. de Larrard, Concrete Mixture Proportioning, Scientific Approach, E&FN
SPON, London and New York, 1999.

[19] André. Lecomte, Jean-Michel Mechling, Céile Diliberto, Compaction index of
cement paste of normal consistency, Constr. Build. Mater. 23 (2009) 3279–
3286.

[20] A.K.H. Kwan, W.W.S. Fung, Packing density measurement and modelling of
fine aggregate and mortar, Cem. Concr. Compos. 31 (2009) 349–357.

[21] A.B. Yu, R.P. Zou, Modifying the linear packing model for predicting the
porosity of nonsperical particle mixtures, Ind. Eng. Chem. Res. 35 (1996) 3730–
3741.

http://refhub.elsevier.com/S0950-0618(15)30421-9/h0005
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0005
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0005
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0010
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0010
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0010
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0015
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0015
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0015
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0020
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0020
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0020
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0020
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0025
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0025
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0025
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0030
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0030
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0030
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0030
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0035
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0040
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0040
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0045
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0045
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0045
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0050
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0050
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0050
http://dx.doi.org/10.1617/s11527-014-0509-y
http://dx.doi.org/10.1617/s11527-014-0509-y
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0060
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0060
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0060
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0065
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0065
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0065
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0070
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0070
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0070
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0075
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0075
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0075
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0080
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0080
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0080
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0085
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0085
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0090
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0090
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0090
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0095
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0095
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0095
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0100
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0100
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0105
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0105
http://refhub.elsevier.com/S0950-0618(15)30421-9/h0105

	Packing density modeling of blended cement with limestone having different particle sizes
	1 Introduction
	2 Modeling background
	3 Packing density prediction
	3.1 Existing model
	3.2 Modified model
	3.3 Blended cement with limestone having combined particle sizes

	4 Conclusions
	Acknowledgments
	References


