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Abstract

 

According to the Rosin-Ramler-Benuet equation, the influences of continuous particle size distribution on water demand, degree of
hydration, packing density, and porosity are deduced. On this basis, the influences of the particle size distribution on the properties of ce-
ment are analyzed under different conditions. The optimum distribution of cement particles is proposed. © 1999 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

 

It is well known that the particle size distribution of ce-
ment influences not only the energy consumption in the
milling process, but also the properties of fresh cement
paste and hardened cement stone [1–4]. Thus, many re-
searchers approached this subject from different angles. In
[5] Feret studied the influence of particle size distribution
on the properties of concrete from particle packing, and de-
termined that to obtain high quality concrete, there should
be suitable distribution of different size particles to attain
the maximum packing density. Frigione and Marra [3] stud-
ied the problem vis-à-vis the hydration of cement, and put
forth the viewpoint that the more narrow the particle size
distribution of cement, the faster the hydration of cement.

It should be noted that the porosity is a very important
parameter for the properties of material. It is the bridge that
links both the particle size distribution and the properties of
materials. From the properties of materials, both the pack-
ing states of the particles and their hydration rates should be
evaluated relative to their effect on the porosity. We previ-
ously inquired into this problem by the model of binary sys-
tem [4], and determined that there are suitable ratios of par-
ticle size and mix ratio between different size particles.

Although the research has warned people not to pursue
the distribution as widely as possible to obtain only the

maximum packing density or the distribution as narrowly as
possible to obtain only the fastest hydration [4], the model
of the binary system is different than the actual situation of
the particle size distribution of cement. Thus, this paper will
inquire into the most suitable particle size distribution for
continuous distribution from the Rosin-Ramler-Benuet
equation.

 

2. The theoretic deduction of the relationship between 
the particle size distribution and porosity

 

2.1. Basic hypotheses

 

For convenience’ sake, some hypotheses are taken as fol-
lowing:

1. The particle size distribution of cement system obeys
Rosin-Ramler-Benuet equation [i.e., Eq. (1)]

(1)

where 

 

R

 

 is the percentage of residue by weight (%), 

 

x

 

is the characteristic particle size of the distribution
(corresponding to the particle size that the residue is
36.79%), and 
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 is the distribution index. If turned it
into the function of distribution 

 

F
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) and the function of
distributing density 

 

F
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), they are [see Eqs. (2) and (3)]:

(2)

R 100
x
x
-- 

  n

–exp=

F x( ) 1=
x
x
-- 

 –
n

exp–

 

* Corresponding author. Tel.: 

 

1

 

86-010-68-515-511; fax: 

 

1

 

86-010-
68-529-680.

 

E-mail address:

 

 zczhw@publica.bj.cninfo.net (A. Wang)



 

1722

 

A. Wang et al. / Cement and Concrete Research 29 (1999) 1721–1726

 

(3)

2. The particle of cement is spherical.
3. The hydration depth is independent of the particle

size, and only depends on the rate that water passes
through the layer of hydration product. It may be ex-
pressed by Fick’s second law.

4. The specific weight is independent of the particle
size. The packing density of one size particle is inde-
pendent of the particle size also.

 

2.2. Theoretic deduction

 

1. The relationship between the specific surface, 

 

S

 

, and
particle size distribution [see Eq. (4)]:

(4)

where 

 

r

 

 is the specific weight of cement (g/cm

 

3

 

) [see
Eq. (5)]:

(5)

it may be obtained by numerical integral. For shown
specific surface, 

 

S

 

, can be obtained by Eq. (6):

(6)

2. The relationship between packing density and particle
size distribution. According to the model of linear
packing density [6,7], packing density can be calcu-
lated by Eq. (7):

(7)

where: 

 

f

 

0

 

 is the packing density of one size particle
[see Eq. (8) and Eq. (9)];

(8)

(9)

3. The calculation of the volume concentration of solid
and the water-cement ratio for fresh paste. The vol-
ume concentration of solid is shown in Eq. (10):

(10)

and the water-cement ratio can be seen in Eq. (11):

(11)

where 
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 is the thickness of water film layer.
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4. The calculation of hydration degree. When the hydra-
tion depth is 

 

h

 

, the particles that have radius less than

 

h

 

 have hydrated completely. For per unit volume, the
volume of the particles that the radius is within 

 

x

 

  

 

→

 

x

 

 

 

1

 

 dx (x > h) is dV 5 F(x)dx. The number of the
particles is seen in Eq. (12):

(12)

The volume of unhydrated cement is seen in Eq. (13)
and Eq. (14):

(13)

(14)

Hydration degree is seen in Eq. (15):

(15)

5. The calculation of porosity. When the hydration depth
is h, the porosity of cement stone is seen in Eq. (16):

(16)

3. Analysis and discussion

3.1. Packing density

According to Eq. (7), if taken y 5 x/x, and T 5 t/x, Eq.
(17) may be obtained:

(17)

It is seen from Eq. (17) ,that f is independent of x and only
depends on n.

Because of the transcendence of the function, it is diffi-
cult to obtain its analytic solution. However, its numerical
solution may be found. Fig. 1 shows the calculated results.
It can be seen from the figure that f decreases with the in-
crease of n. In other words, the more narrow the distribu-
tion, the less the packing density is.

3.2. Water demand

 It may be known from Eq. (11) that the water demand is
related to specific surface and packing density. The larger
the specific surface, the more the water demand is.

The packing density is related to the distribution index
closely. The more n, the less the packing density is. It can be
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seen from Eq. (11) that the less the packing density, the
more the water demand is. A concept may be obtained from
these (i.e., under the circumstance of same specific surface,
the narrower the particle size distribution and the more the
water demand is). Fig. 2 shows the relationship between the
water demand and the distribution index. Fig. 3 shows
Sprung’s experimental result. It is identical with the above
analysis.

Turning Eq. (11) into Eq. (18):

(18)

It may be seen that if water-cement ratio is constant, S in-
creases with the increase of f. That is to say, the specific
surface may be increased without increasing the water de-
mand by adjusting the particle size distribution. However, it
should be noted that this effect is very limited. Because f ,
1, it may be deduced that [see Eq. (19)]

S
1

ρδ
------ φ ρ( w c 1 )  1–+⁄[ ]=

(19)

When S . Smax, it is always the case that the increase of the
specific surface will accompany the increase of the water
demand.

3.3. Hydration degree

Fig. 4 shows the results calculated by Eq. (15). It may be
seen that for same specific surface and incident hydration
depth, the hydration degree rises with the increase of the
distribution index. That is to say, under the condition of
same specific surface, the more narrow the particle size dis-
tribution, the higher the hydration degree is. This fact has
been proved by many researchers.

3.4. Porosity

The porosity influences directly many properties of ce-
ment stone, and is one of the important factors to consider
when evaluating the influences on materials’ properties. To
analyze the influence of particle size distribution on the
properties of cement stone, the packing density and the hy-
dration degree are both indirect. The direct relation can be
established only by the porosity.

The influence of particle size distribution on the porosity
of cement stone is complex. Different researchers reached
different conclusions from different perspectives. To under-
stand this problem more clearly, it is analyzed from follow-
ing three aspects:

1. Under the same water-cement ratio, the influence of
particle size distribution on the porosity of cement
stone. It can be deduced from Eq. (11) that [see Eq.
(20) and Eq. (21)]:

(20)
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Fig. 1. The estimated relationship between the packing density and the dis-
tribution index.

Fig. 2. The estimated relationship between the water demand and the distri-
bution index.

Fig. 3. Sprung’s experimental result.
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(21)

It can be seen from Eq. (21) that under same water-
cement ratio, the porosity only depends on the hydra-
tion degree. The higher the hydration degree, the lower
the porosity is. The relationship between the hydration
degree and particle size distribution has been dis-
cussed above. At same hydration depth (or at same
age), the more narrow the particle size distribution, the
higher the hydration degree is, and the lower the poros-
ity is. Thus, some researchers claimed that cement par-
ticle distribution should be as narrow as possible.

2. At same hydration degree, the influence of particle
size distribution on the porosity. It may be obtained
from Eq. (16) that [see Eq. (22)]:
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It may be seen that at same hydration degree, the po-
rosity is linear with the packing density. The higher
some researchers considered that to get the cement
stone with higher performance, cement particles
should have the distribution as wide as possible to at-
tain a packing density as high as possible.

3. Under same workability, the influence of the particle
size distribution on the porosity. Workability is a very
important property of fresh cement paste. Except to
provide the reactant of cement hydration, the water
mixed with cement is to make fresh paste that has cer-
tain workability to satisfy the necessity of mixing and
molding.

It is necessary to emphasize that same water-cement ratio
doesn’t mean the same workability, and the same hydration
degree doesn’t mean the same time. The above two circum-
stances represent the influence of particle size distribution
only from different aspects. From practice, two concepts of
“same workability” and “same time” must be stressed to un-
derstand still better the influence of the particle size distri-
bution on the porosity. It can be seen from Eq. (22) that the
porosity depends on both the packing density and the hydra-
tion degree. But the influence of particle size distribution on
them is just opposite. Thus, the two aspects should be con-
sidered at the same time, and their comprehensive effect
should be noted.

Fig. 4. The estimated influence of the distribution index on the hydration degree.
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Fig. 5 shows the results calculated according to Eq. (16).
When the hydration depth is less (at earlier age), the influ-
ence of the packing density is primary, and the influence of
the hydration degree is secondary. Their comprehensive ef-
fect is that the porosity increases with the increase of distri-
bution index. That is, the wider the particle size distribution,
the lower the porosity is. This is concordant with the influ-
ence of the particle size distribution on the packing density.

When the hydration depth is larger (at later age), P at-
tains the minimum where n 5 1. Under this circumstance,
both the packing density and the hydration degree effect the
porosity at same time. When n is less, although the packing
density is higher, the porosity is still higher because the hy-
dration degree is very low. When n is larger, although the
hydration degree is higher, the porosity is higher also be-
cause the packing density is lower. When n is about 1, the
system has not only higher packing density but higher hy-
dration degree; thus the porosity is lower. This shows that
the very narrow particle size distribution is disadvantageous
for improving the properties of cement. Kuhlmann et al. [1]
even pointed out that “In view of the requirements that the
functional properties of cement have to satisfy, efforts to
grind cements with narrow particle size distribution are
therefore likely to come up against limits.” The reason lies
in aforementioned.

It may be seen from above analysis and calculation that
the suitable distribution of cement particle is when n is
about 1. For the characteristic particle size, x, it is not an in-
dependent variable. When the specific surface is certain,
and can be obtained by Eq. (6). When n 5 1, A(n) 5 2.352
[see Eq. (23)].

(23)

It is necessary to point out that:

1. It is not necessary that the method attaining the nar-
row distribution is sought to overemphasize high hy-
dration rate. On the one hand, it is difficult to attain
more narrow distribution in industrial-scale produc-
tion. It entails a very complex process and much
equipment and increases costs. On the other hand, if
more narrow distribution is attained, it is advanta-
geous to accelerate the hydration of cement, but the
water demand is raised because the packing density is
decreased. It not only cannot improve the perfor-
mance of cement stone, but can even make it drop.

2. It is also unsuitable that to overemphasize high pack-
ing density requires wider particle size distribution. If
n is too small, although the system has higher packing

xS 2.276 or x 2.276
S

-------------==

Fig. 5. The estimated influence of the distribution index on the porosity.
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density, the performance of the material is still dimin-
ished because the hydration rate is reduced.

4. Conclusions

By analysis and calculation, the following conclusions
can be obtained:

1. Wider particle size distribution is advantageous for
increasing the packing density of the system and de-
creasing the water demand. The less the distribution
index, the higher is the packing density and the lower
the water demand is.

2. Narrower particle size distribution is advantageous to
raise the hydration rate. The larger the distribution in-
dex, the higher is the hydration rate.

3. Under the condition of the same water-cement ratio,
narrow distribution is advantageous to reduce the po-
rosity of cement stone. Under the condition of the
same hydration degree, wide distribution is advanta-
geous to reduce the porosity of cement stone. In the

more practical sense, there should be an optimum par-
ticle size distribution. It occurs when n equals 1.
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