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ABSTRACT

In the paper, the influence of the particle size distribution in binary system on
the packing density and the rate of hydration is analysed. On the basis of the
analysis, the relationship between the porosity and the particle size distribu-
tion is calculated and discussed. The result indicates that: (1) The influence of
the particle size distribution on the porosity is dependent on both the packing
density and the rate of hydration. When the depth of hydration is less, the
packing density is the main factor, thus the wide distribution can obtain the
low porosity; when the depth of hydration is greater, the influence of both
must be considered comprehensively. There is the best distribution, and the
best value of di/d; is about 0.3 for binary system. (2) The relative ratio be-
tween two components depends mainly on the packing density. The mixture
ratio when the porosity is the lowest equals to one when the packing density
is the highest. © 1997 Elsevier Science Ltd

Introduction

In recent years, the problem about the particle size distribution of cement has attracted the
attention of a lot of researchers because it affects some properties of cement. The research
includes mainly two aspects:

(1) Inpacking of particles. R. Feret published the first treatise about the packing of particles
in concrete in 1892, and put forward the possibility of selecting appropriate aggregate
types for high quality concrete and the relationship between the porosity of hardened
mortar and the compression strength of concrete.

In the theory, some models have been put forward(1,2,3). For example, Furnas, Aim
and Goff, Toufar, Klose and Born put forward some models about the binary system,
and some researchers treated the ternary system by triangular diagram, and so on. These
methods provide a tool to calculate the packing density of particle material.
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(2) In the hydration of cement Since G. Frigione and S. Marya first began the research in
the influence of the particle size distribution on the rate of hydration of cement (4),

some researchers did a lot of highly effective work (5,6). Their conclusion was that the
more narrow the particle size distribution of cement, the faster the rate of the hydration
of cement is.

It is known to all that the properties of cement are closely related to the porosity, and
the porosity depends on the packing density of the cement particles and the degree of
hydration of cement. Higher packing density results in lower porosity, and higher degree
of hydration results in lower porosity too. But the influence of particle size distribution
on the packing density and the degree of hydration is inconsistent. For a wider particle
size distribution, the packing density is higher, but the degree of hydration is lower. For
a more narrow particle size distribution, the packing density is lower, but the degree of
hydration is higher. The purpose of this paper is that on the basis of the binary modal,
both the packing density and the rate of hydration are considered comprehensively; the
influence of particle size distribution is discussed; and the best particle size distribution
is sought.

The Theoretical Deduction of the Relationship Between Particle Size
Distribution and Porosity

1. Basic hypotheses
In the deduction, the model of the spherical particle is used, and the basic hypotheses are
as follows:

(1) The particle of cement is spherical;

(2) The process of hydration is homogeneous and from outside to inside;

(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 expressed by Fick's sec-
ond law;

(4) The specific weight of both bigger and smaller particles is same, the packing density of
one-size particle is the same too.

2. Basic concept and symbol
For convenience' sake, some basic concepts and symbols are as follows:

(1) d, the diameter of the smaller particle, cm;

(2) d; the diameter of the bigger particle, cm;

(3) y;i the volume fraction of the smaller particle;

(4) ya the volume fraction of the bigger particle;

(5) €othe voidage of one-size particle;

(6) p the specific weight of cement;

(7) ¢ the packing density;

(8) h the depth of hydration, cm;

(9) d the thickness of water film,cm. It influences directly the fluidity of paste, and the
larger 9, the better the fluidity is.

(10) P the porosity;

(11) o the hydration degree.
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3. The deduction of the relationship between porosity and particle size distribution

3.1 The relationship between packing density and particle size distribution

According to Aim and Goff's model(1), for two kinds of particle whose diameter are d,
and d; respectively, y*, which is the volume fraction of smaller particle for the mixture with
the maximum packing density, can be calculated by following equation:

,_ 110.9d; /d; \1e.)

= 1
y 2(10.9d; /d: Yle,) M
For yiy* o= 180 @)
yly » l'yl
1-
For yiy*, fo 3)

o= yl(l}ﬁ X10.9d1 /delﬁo)

3.2 The volume concentration of solid and the ratio of water to cement for fresh paste
In order to achieve certain fluidity, the water film with certain thickness must be formed
on the surface of particle. The added water includes both the water filling the void between
the particles and the water forming the film on the surface of particle.
If the volume fraction of solid in fresh paste is r, for unit volume paste,
the volume of solid V,=r
the volume of water filling void Vi=1- ¢
the volume of water on surface V, = pV,S8 = pSar
where, S is the specific surface of solid particle.
Thus,r+(1-¢)+pS3r=1

__9
= 1+pSH @

In unit volume paste, the mass of cement C = pr
the mass of water w=1-r

1-r 1 1+pS§
prop ¢

w/C=

) &)

3.3 The porosity of hardened cement paste
Y19

In unit volume paste, the total volume of the smaller particle V, = y;r = m

6V, 6y19

ndl w1 +pS3)

y20
1+pSd

the number of the smaller particle N, =

the total volume of the bigger particle V,=yr=
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the number of the bigger particle N, = 6V: __ b0
7'Cd2 nd§(1+pSS)

1
When hEdl , the volume of hydration solid is:

Vi=Ni[5d] --’65(d, -2h)3]+Nz[£d3 —%(dz —2h)*]

_ o -
= T Tl
Since, +2=1, Va=r b (- y (2 4y (B
1 2

According to Power's model, the volume of hydrated product is about 2.2 times as large as
original volume. Thus, the incease of solid volume by hydration is:

1.2 d -2h, d,-2h
av,=12v =L "’ 1= (T 4y ()
1 2
o d, 2h d,-2h,
P=1-r-AV,=1- 22-1.2 + 6
r TR eIETT G ©
V, d, -2h, -2h_,
o=—-"L=1-[y,(—) yz( —2—)’] )
r d, d,
When %dlh%dz, all smaller particles have been hydrated. Thus,
n T n 1] d, -2h,
Y, = Ny gl Nl ds — £, =20 )= e -]
¢ d,-2h,
P=1- 22-12 8
Tp [ A ) ——)’] 3
d,-2h
a=1-y, (2—) ®
d,
3.4 The calculation of the specific surface
1 2 _6.y, 2 6 d
=— d?+N,md)=—(Z+32)=—(y, +y,—+ 10
S pr(NfJt 1 + N,md3) P( dz) Pdl(YI Y2d2) (10)

Analysis and Discussion

1. Influence of particle size distribution on packing density and water demand
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and the higher y,, the

T1- y
higher ¢ is. When y,= 0 (there is only one-size particle), ¢ has minimum, ¢y, = 1 - €.
When yiy*, ¢ = 1-¢&

Y, +(1—y1)(1+o.9%)(1—eo)

Obviously, the smaller d,/dz, the higher ¢ is. When di/d: 0, ¢ has maximum
1-¢,
Yi+(1-y)(1-¢)
For the mixture with maximum packing density y*, according o expuations (1) and (2),

0= 11_ S0 = (1-g,)[2-(1+0.9d,/d,)(1 - €,)]
¢ is linear with d,/d,, and the smaller d./d,, the higher ¢ is. When d/d; 0, ¢ has maximum,
¢max =1 -¢2

It is seen from above analysis that under any circumstance, the greater the difference
between the particles’ size, the higher the packing density. In other words, the more inho-
mogeneous the particle size distribution, the higher the packing density is.

According to equation (5), w/C = F1> 1+pSd

—1). When S, the specific surface, is con-

stant, the higher ¢, the lower the demand water under the same fluidity is. Because the more
inhomogeneous the particle size distribution, the higher the packing density, it is considered
that under same specific surface, the more inhomogeneous the particle size distribution, the
lower the demand water under same fluidity is.

2. Influence of particle size distribution on degree of hydration

2.1 hill
2
According to equation (7), o =1-[y1(d 2h) + 2(d 2h) ]. Under the constant
6
S(= H(%il +1?-)), the maximum of o is found as follows:
pi% Y2 Sp
Gi &(d,,d =
iven: ®(d;,dz) = q d <
d,-2h, d,-2h, S
F(di,dz) =1 - [y, (& ) )’2( )Y 1- MY] Y2 P)
d, d, d,
BF di-2h_, 2h Ayl _
Mg ety 7O
oF - d;-2h 2h Lyz

= =3 : =0
3, Yo (—— 4 Y = & d2
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Simplified above two equations:
d,-2h

1

d, ~2h

2

A=6h(H =22

A= 6h (222

Thus, (dl —2h)2 = (d2 “2h)2’ d] -
d] d2

2.2 di/2hd,/2

According to equation (9), o= 1 yz(d 3 2h)

2

Given: F(d,,d;) =1y, (gz—ﬂf )\,(% +32 %)

d2 1 d2

9F _M_,

ad, d?
oF d;-2h 22h l,yz _
a O VEte 0

Simplified above two equations:
;\,y1=
A= 6h(d : 2h)

2

1t is obtained from Ay; = 0 that:

(1) A =0. It can be given by this result that 6h(d 1 2h) =0 . Thus, d;=2h,orh=d,/2 .

2
Obviously, it is inconsistent with the condition that di/2 hd,/2 .
(2) y1=0. It shows that there is not a smaller particle than diameter d, in system. In other
words, there is only one-size particle in the system.

It is seen from the above analysis that under same specific surface, the hydration degree is
higher in the homogeneous system than the inhomogeneous system. It is consistent with
some results of former research (4).

3. Influence of particle size distribution on porosity under different depth of hydration

3.1 Influence of di/d; on porosity under same specific surface and constant y

It is known from above analysis that homogeneous distribution is in demand for the
packing state of particle, but inhomogeneous distribution is in demand for the rate of hydra-
tion. The two effects are just the opposite. For the properties of materials, these effects
should be considered at the same time. On the one hand, higher packing density is de-
manded; on the other hand, higher degreed hydration is demanded. The synthetic result
should be that the material has the porosity as low as possible.
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The calculated relationship between porosity and dy/d..
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The calculated relationship between the hydration degree and d,/d,.
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The relationship between packing density and dy/d,.

The calculated results by equation (6) and (8) are shown in Fig. 1. It may be seen from the
figure that:

(1) When the depth of hydration is smaller, i.e. at early age, the smaller d,/d;, the lower the
porosity is.

(2) When the depth of hydration is greater, i.e. at late age, di/d, is about 0.3 at which the
porosity is minimum.

di/d2=0.1v d1/d2=0.3

. NS h=0 T ’:1 0.6 \ h=0 L ‘j
Pl NS R0y p N
04 N v al M

\ h=1 - h=1 Mo
0.2 T - e
h 2u 0.2 \/,_,v, w2y

\// - TThe 3;1 - e T
0 ~V_L b - 0 _ ,\,,_/j// Lot R
0 0.2 0.4 06 08 1 0 02 04 06 08 1

yl yl
0.6 : 1/?12;)05' et
Pl ROy,
04
h=ly
02t
T
0 LTI
0 02 04 06 08 |1

vl

FIG. 4.
The relationship between porosity and mix ratio.
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The relationship between the hydration degree and mix ratio.

(3) The influence of d,/d; on porosity is the more and more unnoticeable with the increase
in the number of smaller particles.

In order to understand further the phenomenon, the influence of di/d; on the hydration
degree and packing density is shown in Fig. 2 and Fig. 3 respectively. It is seen from Fig. 2
that the influence of di/d; on the hydration degree is more noticeable with the increase of the
depth of hydration. The influence is noticeable when d,/d,0.6, but is unnoticeable when
di/d20.6. In other way, the influence of di/d: on o is weakened with the increase in the num-
ber of smaller particle.

It is seen from Fig. 3 that when di/d; 0.7; packing density, ¢, decreases with the increase
of di/d,, and its rate is reduced with the increase of y{; but when di/d, 0.7, the influence of
di/d; on ¢ is unnoticeable. In another way, it should de noticed that for y; = 0.2, ¢ is basi-
cally constant when d,/d»0.3. This may be explained geometrically. When the smaller parti-
cle is very much smaller, the smaller particle within certain limitation of particle size may
fill in the void of the greater particle. Thus, within this limitation, the change of smaller
particle size does not influence the packing density. Hypothesized that the void of the greater
particle is a tetrahedron, the limitation may be calculated geometrically;

\

(di/dy)* = 5 1=02247

It is very closely with the result in Fig. 3.
Fory, = 0.2, when d,/d;0.3, ¢ is contant, whereas the change of hydration degree is greater
within the range. The hydration degree is increased markedly with the increase of d,/d,, thus
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the porosity drops markedly. When 0.3d,/d;0.7, the change of hydration degree is smaller,
whereas packing density drops suddenly with di/d,. This results in the increase of porosity.
When di/d; 0.7, the changes of both hydration degree and packing density are smaller with
di/d,, thus the change of porosity is smaller too.

For yi = 0.3, there is not a level on ¢ curve, and ¢ is reduced with d,/d; when d,/d, 0.7.
Thus only when the increase of hydration degree is greater than the decrease of packing
density, porosity shows the trend decreased with di/d,. When h1p, the effect of increased
hydration degree is not enough to counteract the effect of decreased packing density, thus the
porosity is raised with di/d; at early-age.

For y, = 0.8, the changes of hydration degree and packing density are smaller than that of
the above two conditions, thus the change of porosity with d,/d; is unnoticeable.

3.2 The influence of mix ratio, y;, on porosity at same specific surface

Fig. 4 shows the relationship between P and y, under different di/d; and the depth of
hydration. Fig. 5 and Fig. 6 show the relationships between hydration degree, packing den-
sity and y, respectively. It is seen that the mix ratio at the lowest porosity is coincident with
that at the maximum packing density, where hydration degree is generally lower. This shows
that the effect of packing density is the more important factor.

Fig. 7 gives the relationship between the lowest porosity and d,/d,. It may be seen from the
figure that porosity is decreased with d,/d; at early-age (h is smaller), and is the lowest when
di/d, is about 0.3.

Conclusion

1. The influence of particle size distribution on the properties of hardened cement stone is
mainly in packing density and degree of hydration.

2. Wider particle size distribution is advantageous to the increase of packing density, and
homogeneous distribution is advantageous to the increase of hydration degree.

3. From the standpoint of porosity, both should be considered cooperatively. At early-age,
the effect of packing density is primary, and the effect of hydration degree is secondary.
At late age, the effects of packing density and hydration degree cannot be neglected.
Considered these factors cooperatively, there should be the suitable distribution of ce-
ment particle. For binary system, it is more suitable that d;/d; is about 0.3.
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4. The mix ratio mainly depends on packing density. The optimum mix equals that at the
densest packing state.

5. If the property of hardened cement stone at early-age is stressed, a wider particle size
distribution should be considered. If the property of hardened cement stone at late age is
stressed, a suitable distribution should be considered.
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