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The influence of curing time and water-cement ratio on hardened cement paste
is investigated by both experimental and analytical methods . The compressive
strength and pore size distribution of hardened pastes of Alite and ordinary
Portland cement were measured in experiments. Two different models, one
concernedwithcxmpressivestrengthdevelopmentkqzcementhydrationreaction
and the other concerned with the aggregation of cement particles in cement
paste, are considered. In the compressive strength development model, it
is assumed that strength develops with increasing contact area between
adjacent cement particles due to the hydration. In the model based on the
aggregation of cement particles, it is assumed that fine cement particles
aggregate first due to the influence of water cement ratio. It is found.that
the experimental results for pore structure and the compressive strength
development of hardened cement paste agree well with calculated results based
on these models. _
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1 . INTRODUCTION

It is known that the structure of hardened Portland cement paste greatly
affects the physical properties of concrete. Structure has a direct effect
on the compressive strength of hardened cement paste. The pore structure
that forms in the paste affects the durability characteristics of the hardened
cement, such as permeability and carbonation. In investigating the structure
of hardened cement paste, we need to consider both the structure surrounding
the hydrate crystals and the structure of hydrate crystals themselves. Each
hydrate has a unique crystal structure which depends on temperature. since
the structure surrounding the hydrate crystals is related to the space in
which they form, factors determining the location of water and solidparticles
-such as water-cement ratio- affect it significantly. Consequently,
influence of water-cement ratio on the compressive strength of hardened
cement paste is very significant.

So far, however, no quantitative estimation has been performed to check
whether the water-cement ratio has an influence at each stage of the hydration
leading to hardened Portland cement paste. The any investigations reported
to date seemto concentrate on qualitative studies of the structure of hardened
cement based on observations of hydrate crystals using SEM (scanning electron
microscopy) and measurements of compressive strength and pore size
distribution at each stage of hydration.

The purpose of this study is to explain quantitatively the influence of
water-cement ratio on the structure of hardened Portland cement paste. The
influence of water-cement ratio on the compressive strength and pore
structure of hardened cement paste is investigated experimentally and an
analytical model is proposed.

2R

In general, the pores in hardened cement paste can be classified as gel pores
and capillary pores. pore radii from lnm to 3nm and 3nm to 30Lm are Called
gel pores and capillarypores respectively [1]. It is believed that capillary
pores affect the compressive strength of hardened cement paste significantly.
However' the distinction between capillary pores and gel pores is not clear.
Thus, it may be better to define capillary pores in terms of the hydration
of Portland cement rather than the size of the pores in the hardened cement
paste.

Since Alite' the major component of Portland cement, strongly affects the
physical properties such as compressive strength, it is necessary to observe
its hydration process quantitatively in order to relate porosity and
compressive strength.24
In the case of Alite, the amount of chemicallybound water in c-s-H is larger
than the amount of non-evaporable water retained after D-dry. The amount
of bound water is nearly equal to the amount of water balanced at humidity
15-oo-in the desorption process. The chemical composition of C-S-H in this
condition is 1.7,CaO.Sio2.2.1.H20 [2]. In

of water needed for complete hydration
bound water, is approximately 42% of
composition of C-S-H is supposed. to
considered that porosity of saturated
subtracting the total amount of water from the amount of bound water in calcium

the hydration of Alite, the amount
which is greater than the amount of
Alite gravity. In this case, the

be 1.7.CaOrSio2.4.H20 [3]. It can be

hardened Alite may be obtained by
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hydroxide and C-S-H which composition 1.7.CaO.Sio2.4,H20. Then, the porosity
can be calculated by measuring amount of bound water.

The amount of water needed for complete hydration of Alite:
C3S + 5.3H20 + 1.7.CaO.Sio2.4.H20 + 1.3Ca(OH)2

The amount of chemically bound water:
c3S + 3.4H20 - 1.7.CaO.Sio2.2_1rH20 + 1.3Ca(OH)2

(1)

(2)

The amount of bound water which can be measured by experiment is 3.4 mol
per c3S as inEquation (2) , andthe amount ofwaterwhichcan define theporosity
is 5.3 mol per C3S as in Equation (1). We can then calculate the amount of
water (1) by multiplying 5.3/3.4 and the amount of bound water measured
together.

2W

Alite was synthesized by mixing raw materials of top industrial grade to
match Alite composition proposed by Yamaguchi [4] and baking at 1,550oC for
8 hours in an electric furnace. The synthesized Alite, containing 0.17% of
f-CaO, was ground to achieve Blaihe surface areas of 3,240,. 3,950,. 4,580
cm2/g in a ball mill.

The three kinds of synthesizedAliteweremixedto 40, 50, and 60% water-Alite
ratio, and the resulting Alite paste was molded into lxlx7 cm forms. After
the specimens were cured in moist conditions for one day, they were cured

in water at 20oC. Compressive strength was measured after 3, 7, and 28 days
of curing. simultaneously, non-evaporable water, bound water and ignition
loss at 1,000oC were measured. The pore size distribution of
D-dry was measured using a mercury porosimeter (Autopore
Micromeritics) over the range of intrusion pressure from
kgf/cm2.

2.3 Results and discussion

samples after
9220 made by

0.04 to 4,200

_i3&
The compressive strength of Alite paste was measured after 3, 7 and 28 days
of curing time as mentioned above. The results are shown in Table 1.
Compressive strength paste increases with curing time and with lower of
water-Alite ratio (w/c). However, the compressive strength of hardenedAlite
paste with 4,580 cm2/g Blaine fineness, 40% water-Alite ratio, and 4 weeks
of curing seems to be lower. This may'be explained as follows: the contribution
of fineness to compressive strength decreases as curing progress, and also
inability to form a packed structure of this paste. The maximum compressive
strength observed was 867kgf/cm2.

As in Table 1, the actual water-Alite ratio (w'/c) measured from hardened
Alite paste seems to be lower than the water-Alite ratio (w/c) established,
and separation of water fromAlite increases with coarserAlite. The decrease
in actual water-Alite ratio is a maximum of 7% at 60% water-Alite ratio.
No difference arises at a 40% water-Alite ratio.

Table 2 shows the amount of non-evaporable water and the amount of bound
water for each curing time. The amount of non-evaporable water and bound
water in the Alite paste increases as curing progresses and as the Alite
becomes finer, reflecting the progress of Alite hydration. However, the
amount of bc,und water does not differ much with changing water-Alite ratio.
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From this evidence, it can be considered that mole ratio of boundwater (H/Ca)
retained after desiccation at 15% humidity is almost constant regardless
of curing time, fineness, and water-Alite ratio.

Table 1Compressivestrengthof hardenedAJitepaste (kgf/cm2)

Note)W'/CrepresentactualwaterA)iteratio.

Tab(e 2 Amount of non-evaporabJe water and amount of bound water (g/g-A[ite)

i21@
Porosity can be calculated using equation (3) from the actual water-Alite
ratio shown in Table 1 and the measured amount of bound water in Table 2.
Table 3 gives the results of porosity calculated using equation (3).

Tab)e3 Pore volume ca]cu[atedby boundwater (mr/ml) 2000
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fin e n e s s W /C (% ) V V '/C (% ) 3 d a y s 7 d a y s 2 8 d a y s

3 .2 4 0 c m 2/g

6 0 5 6 .2 5 8 1 0 0 2 4 2

5 0 4 5 .5 12 1 1 9 0 4 4 1

4 0 3 7 .7 2 8 8 4 7 0 8 6 7

3 , 9 5 0 c m 2/g

6 0 5 8 .1 7 2 12 0 2 7 5
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4 0 3 9 .3 3 6 5 5 3 8 8 6 7

4 . 5 8 0 c m 2/g

6 0 5 7 .3 9 2 14 0 3 0 2
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4 0 3 9 .5 4 5 7 6 2 0 7 5 7

fin e n e s s W /C (% )

N o n -e v a p o ra b le w a te r B o u n d w a te r

3 d a y s 7 d a y s 2 8 d a y s 3 d a y s 7 d a y s 2 8 d a y s

3 , 2 4 0 c m '2/g

6 0 0 .1 1 6  0 .14 7  0 .1 6 9 0 .1 6 3  0 .19 6  0 .2 4 8

5 0 0 .1 12  0 .1 5 2  0 .1 4 2 0 .1 6 4  0 .19 5  0 .2 1 5
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5 0 0 .12 8  0 .16 6  0 .1 8 0 0 .1 7 8  0 .2 1 1  0 .2 6 3

4 0 0 .1 3 3  0 .17 2  0 .1 7 9 0 .1 8 1  0 .2 1 2  0 .2 6 3

4 ,5 8 0 c m 2/g

6 0 0 .1 3 0  0 .15 8  0 .1 7 6 0 .1 9 1  0 .2 1 6  0 .2 7 0

5 0 0 .1 3 6  0 .17 0  0 .1 8 0 0 .1 9 0  0 .2 2 6  0 .2 6 6

4 0 0 .1 4 9  0 .18 6  0 .1 9 0 0 .2 0 1  0 .2 3 2  0 .2 6 8
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3 ,2 4 0 c m 2/ g

6 0 0 .3 6 1 0 .3 1 4 0 .2 5 2

5 0 0 .2 9 7 0 .2 3 6 0 . 1 6 8

4 0 0 .1 9 9 0 .1 3 5 0 .0 3 8

3 , 9 5 0 c m 2/ g

6 0 0 .3 4 1 0 .2 8 9 0 .2 2 5
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4 0 0 .1 8 5 0 .1 1 7 0 .0 7 3
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5 0 0 .2 6 2 0 .1 9 3 0 . 1 3 3

4 0 0 .1 4 6 0 .0 8 0 0 .0 1 4



Porosity - w'/c-5.3/3.4 x bound water (3)

Figure 1 shows relationbetweenmeasured compressive strength andpore volume
obtained by calculation. From this figure, it is evident that there exists
a strong correlationbetweenporosity, as calculated from the
water using the Alite hydration equation, and compressive

geESgiW

Pore radius (nm)

75. 000 7. 500 750
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strength.
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Figures 2 and 3 show examples of pore
size distribution for various curing
times and water-Alite ratios for
hardened Alite paste. From Figure 2,
it can be seen that pores of size
corresponding to an intrusion
pressure of 1,000-4,200 kgf/cm2
(pore radius: 7.5-1.8nm) are
constant regardless of curing time,
and that the characteristic that
various with curing time is the pore
volume corresponding to intrusion
pressure of less than 30kgf/cm2 (pore
radius above 250nm). Figure 3 shows
the pore size distribution for
various water-Alite ratios.
Regardless of water-Alite ratio, the
pore volume is constant above 500
kgf/cm2 (pore radius: 15nm), but the
pore volume at intrusion pressures
of less than 500kgf/cm2 changes
significantly with water-Alite
ratio.

Observations of Figures 2 and 3,
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pressures above 1,000 kgf/cm2, the
water Alite ratio has a minimum
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fin e n e s s W /C (% )

V a lu e o f in tru s io n p re s s u re

M a x = 4 ,2 0 0 k g f/c m Z M a x = 1 ,0 0 0 k g f/c m z

3 d a y s 7 d a y s 2 8 d a y s 3 d a y s 7 d a y s 2 8 d a y s

3 ,2 4 0 c m 2/g

6 0 0 .4 5 7  0 .3 9 1  0 .3 6 6 0 .3 6 0  0 .2 8 5  0 .2 5 8

5 0 0 .4 0 9  0 .3 2 5  0 .3 0 7 0 .2 9 1   0 .2 0 1   0 .1 6 9

4 0 0 ,3 0 1  0 .2 4 5  0 .2 1 5 0 .1 8 5  0 .1 1 6  0 .0 6 7

3 . 9 5 0 c m 2/g

6 0 0 .4 3 5  0 .3 7 0  0 .3 5 4 0 ,3 1 7  0 .2 5 5  0 .2 3 5

5 0 0 .3 9 7  0 .3 2 5  0 .2 8 4 0 .2 7 1   0 .2 04  0 .1 4 3

4 0 o .3 0 4 I o .2 1 5 0 .2 0 0 0 .17 1   0 .0 8 9  0 .0 5 6

4 ,5 8 0 c m 2/g

6 0 O A 2 1  0 .3 7 9  0 .3 3 4 0 .3 0 1   0 .2 5 6  0 .2 1 6

5 0 0 .3 4 8  0 .2 9 9  0 .2 2 3 0 .2 3 5  0 .17 6  0 .0 8 3

4 0 0 .2 6 8  0 .2 12  0 .1 9 3 0 .13 9  0 .0 6 1   0 .0 3 6



Table 4 shows the total pore volume for intrusion pressures up to 4,200 and
1,000 kgf/cm2 measured with a mercury porosimeter. From Tables 3 and 4,
calculated pore volumes are lower approximately 0.2 m1/ml than the total
pore volume for intrusion pressure up to 4,200 kgf/cm2, but is almost equal
in that up to 1,000kgf/cm2. From this, it can be concluded that pore values
corresponding to an intrusion pressures less than 1'000kgf/cm2 are related
to compressive strength, and thus can be considered equivalent to capillary
pores.

3b

In hardenedAlite paste, pore radii related to compressive strength are larger
(intnision p-ressures of less than 1,000kgf/cm2 ). on the other

known that the pore structure has a great influence on the physical
of concrete. Because curing time and water-cement ratio greatly
pore structure of hardened cement paste, the change in pore

than 7.5nm
hand, itis
properties
affect the
structure due to these factors was measured by mercury porosimetry. An
investigation of pore structure by cement hydration reaction model was also
performed.

3

J_@The type of cement is ordinary Portland
cement. The particle size distribution
was measured using a particle size
analyzer of laser diffraction type. The
results are shown inTable 5. Water-cement
ratios (W/C) range from 20% to 60-oo-. For
cement pastes with 20-30% water-clement
ratios, 2wt% of amino-sulfuric acid
superplasticizer was added. Cement
pastes were mixed for 3 minutes andmolded
into cylinders O5x10 cm. After curing in
a moist atmosphere for one day, theywere
cured in water for certain times. After
curing, compressive strength was
measured and the pore size distribution
was obtained by mercuryporosimetry after
drying using a vacuum pump.

3W

_ih

Figure 4 shows an example of pore size
distribution for hardened cement paste
(W/C -50%). It is clearthatporosityand
average pore radius decrease with longer
curing times. A threshold pore radius can
be seen in all intrusion
identified by the pressure at
large quantity of mercury
penetrates.

Curves ,
which a

first

Table5 Panic[esize distributionof
ordinaryPortlandcement

Figures 5 and 6 show pore size distribution curves drawn for different
hardened cement pastes with various water-cement ratios cured for one day.
Figure 5 (hardened cement paste without the admixture) shows that the
threshold radius becomes smaller with decreasing w/c at one day and is 70nm
for W/C-30%. Figure 6 gives the pore size distribution of cement paste made
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with the superplasticizer. The threshold radius falls with decreasing W/C,
but suddenly rises to 700nm for cement paste with W/C -20%. It is thought
that this threshold radius increase arises because the pore volume of hardened
cement paste is greater as a result of lack of packing ability due to lower
fluidity. Also, by comparing Figure 5 and 6, it is clear that when W/C-30%,
the threshold radius of cement pastes with superplasticizer is larger than
those without the admixture.
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curing times from 1 to 91 days with
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separation of water. In the case
W/C -60-o.-, this reduction is W/C
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9 -o.-. However, in the case of W/C -20-o.-
with superplasticizer, the actual
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due to an increase in pore volume
caused by lack of packing ability.
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3 .3 Discussion

As mentioned above, the threshold radius changes with water-cement ratio.
It is inconceivable that pores with a radius greater than lpn are produced
regularlyby cement particles of grain size above sub-micron level(see Table
5).
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Figure7 Conceptof porestructurecubicpackingarrangement

Amode1 (see Figure 7) is proposed to explain the behavior in which threshold
radius changes due to water-cement ratio, curing time, and the addition of
super-plasticizer. It is assumed that a cement hydrate is formed outside
the cement particles, thus forming the pore structure, when cement reacts
with water. During the stage in which cement particles are in contact with
each other, compressive strength development begins, and pores are regarded
as osculating spheres in contact with cement particles of the same size,
giving the packing arrangement shown in Figure 7. The volume fraction of
cement particles in this case is (4/3xJt)/8- Jt/6-52.3 %, because a spherical
cement particle is inscribed within a cube. The measured pore radius is the
smallest possible radius in this pore model based on mercury intrusion
porosimetry. Therefore, the pore radius is approximately 1/4.8 of the grain
size (diameter). By using Equation (4), the pore radius can be calculated.
In this case, the relationbetween pore radius and grain size (2xr), is as
follows.

poreradius - (J{-1)xr (4)

The pore radius given by Equation (4) can be assumed to be the threshold
radius at one day, if the initial stage of compressive strength development
is at one day. For example, in the case of 60% W/C, as described above, the
calculated grain size is approximately 9.6pwitha 2, 000nmthreshold radius.
But, from the particle size distribution given in Table 5, it is clear that
approximately 35-oo-of particles are i.ess than 8 LLmrand this cannot be explained
using this model.

The fine particles are assumed to aggregate as shown in Figure 7. From this
assumption, the grain size of aggregated particles is similar to that of
non-aggregated particles and the packing arrangement is cubic, which has
the highest porosity. It is calculated as 27.4% (-0.523xO.523) for volume
fraction of aggregatedparticles and 52.3% for non-aggregated particles when
the packing arrangement is the same. Thereforer we can quantitatively say
that an increase of water-cement ratio is the increase of quantity of
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aggregated particles, as actual volume of cement particles decrease when
aggregation occurs. As shown in Figure 8, the relation between water-cement
ratio and quantity of aggregated particles canbe calculated from the packing
arrangement (cubic packing arrangement
cement (3.15).

U)
4)

73
t
CU
CL

V
d)
rO
Cn
Q)
La
C7)
m

LJ_

0
0

CO
a:

0,8

0.6

0 .4

0.2

- modeFA

- modelB

40 60 80 i 00

Watercementratio (%)

Figure8 RelatlOnbetween ratioof

aggregated partIClesand W/C

From the particle size distribution

^
E
i•`
a)
•`
V)

C

'g
Cn

'T3

V
¥•`

CG
CD
q)
i

D
CD
<

model A ) and specific gravity of

10

25 30 35 40 45 50 55 60 65

Watercementratio(%)

Figure 9 Re[ationbetween W/C and
aggregated grain size

of the ordinary portland cement used
i n this test (shown in Table 5) and the aggregation of particles occur from
fine division according to this model, the relation
size by aggregation (aggregated grain size) and
obtained. Figure 9 shows this relation. Accordingly,
increases withwater cement ratio as shown in Equation
that the pore radius becomes larger as a result.

between apparent grain
water-cement ratio is
the apparent grain size
(4) anditis considered

The ratio of aggregated particles can be calculated from the actual
water-cement ratio, and the aggregated grain size can be obtained from the
particle size which fits a cumulation value of particle size distribution
of cement (shown in Table 5). Table 7 shows this result. The aggregated
particle size nearly corresponds to the proportional grain size as calculated
from the threshold radius.

On the contrary, the threshold
radius falls if superplastcizer
is added for the same water-
cement ratio. The reason for
this may be a change in packing
arrangement due to the addition
of the superplastcizer. The
packing arrangement is assumed
to be orthorhombic (see Figure
10) insteadof cubic (see Figure
7) for cement paste with the
superplasticizer. In the ortho-
rhombic packing arrangement,
the calculated volume fraction
of particles is 0.605. This is
larger than in the cubic
arrangement. In this case, the
relation between pore radi.us
and grain size (2xr) is as
follows.

/

ated particleJ1

)
,i

pore diameter graindiameter

Figure10 Packingstructurewithadditionof superprasticizer
orthrhombicpackingarrangement
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p.reradius-(2xJ5-3)/3xr (5)

Accordingly, if the grain size is the same in the cubic arrangement, the
pore radius is calculated to be small with approximately 1/13 compared with
1/4.8 of Equation (4), and if the measured pore radius is the same, the
proportional grain size is larger. Model B in Figure 8 shows the relation
between water-cement ratio and quantity of aggregated particles in this
packing arrangement, when the pack.ing arrangement of aggregated particles
assumed to be cubic. The
of aggregated particles
example, the proportion
it is 4 % in Model A for

aggregated particle size is larger, so the quantity
is higher when the water-cement ratio is same. For
of aggregated particles in Model B is 38 %, while
the same water-cement ratio of 30%. Table 7 shows

aggregated particle size as calculated by Model B. It is almost same as the
proportional grain size when calculated by Model B. Due to this result, it
can be considered that the threshold radius increases with the addition of
superplasticizer, and this can be explained by a change in packing
arrangement.

Table7 The measuredand ca(cu[atedthresholdpore radius(nm)

note) () is proportiona(grain size caLculatedfrom ModelB.4@
4.1 Basic model

Many reports on the compressive strength development of Portland cement have
been published. The rate of compressive strength development and the ultimate
compressive strength reacted vary for each clinker mineral. Bogue and Lerch
[5] reported that C3S exhibits the fastest strength development and the
highest ultimate strength. The ultimate strength of P-c2S is similar to that
of C:J.S but higher than that.of C3A and C4AF.

Further, several researchers have investigated the relationship between
clinker phase composition and strength using multiple linear regression
analysis and assuming the involvement of additive action [6] [7] [8]. However,
the influence of clinker mineral on strength is so complex in actual cement
that the compressive strength can not be predicted from clinker phase
composition alone. Reactivity and particle size distribution must also be
considered as factors influencing compressive strength.

It has been said that cement strength is related to the gel-space ratio,
which depends on the amount of hydrate formed [9]. Therefore, the influence
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of hydration on strength development is considered to be as follows.

(a) to increase the amount hydrate when a non-hydrated mineral reacts with
water

(b) to decrease the overall porosity due to hydration

I.t is difficult to analyze the first factor quantitatively, since there are
various opinions about the contribution to compressive strength of each
hydrate and the difference in contribution to strength of hydrated and
non-hydrated mineral [10][11]. Regarding the second factor, certain
equations describing the relation between strength and porosity have been
proposed [12] [13], and a model has been proposedm that the contribution of
each clinker mineral to strength is independent so that pore is filled and
porosity is decreased [14]. However, the applicability of these relations
between strength and porosity is limited.

Knudsen suggested that strength development in sintered ceramics is
proportional to the contact areabetweenparticles [15]. We applythis concept
to the cement hydration and propose a cement strength development model as
follows. We assume that each spherical cement particle, which is in the center
of a cube, increases in volume due to the hydration and comes into contact
with the surface of the cube. Figure ll shows an outline of this model. The
ratio of outside cube to internal sphere depends on the water-cement ratio.
The change in cement volume resulting from the hydration is proportional
to the degree of hydration. when the hydrate
cube surface, it spreads out to fill the cube
the contact area on cube surface gradually
reflects strength development, and we assume

comes into contact with the
like a concentric sphere and
increses. This contact area
that compressive strength is

proportional to contact area. we still do not consider the type of hydrate
in this case. Also, it is assumed that the strength of non-hydrate is similar
to that of the hydration product.

In this model, the relation between porosity and compressive strength is
unique regardless of water-cement ratio and curing time, etc. Figure 12 shows
this relation. It is quite similarwiththe gradient ofRyshkewitch, equation
for porosity less than 0.30 and the calculated gradient (b) is 5.0. The
relation between compressive strength proposed by Ryshkewitch is

G-GOXeXP(-bxP) (6)

Where, G is compressive strength, cro is the ultimate strength,
and P is the porosity.

,i( ,
U

(I ,I:
beforehydration

c3,a
c= t ttt

/

afterhydration

05

0
¥•`

e o2
J=

Cn
5 o.1
L•`
U)

0.05

0.02

001

Figurell Conceptof cementstrengthdevelopmentmodel

Cement strength devefopmentmodel

EquatlOnOfRyshkewitch

0 0.1 0,2 0.3 0.4 0 5

Porosity
Figure 12

Relationbetween strengthand porositybymodel
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4 .2 Numerical formula for rate of cement hvdration

A numerical formula for the
hydration of Alite has been proposed
by the authors [16]. In this model,
it is assumed that Alite reacts
uniformly
particle,
and the
expressed

toward the center of a
regardless of grain size,
rate equation can be
as in terms of two kinds

of reactions both controlled by
diffusion. Figure 13 shows the
analytical and experi- mental
results of hydration rate. As shown
in the figure, the reaction of Alite

E
3_

L

a)
>

_g

C
0
.
CO
L

TCl
>

I

% o
U)
u)
d)
=1

¥B o.
L-

00

can be predicted by the model
regardless of Alite fineness. o,oool

since Alite contributes most to the
strength of ordinary Portland cement,
it can be considered that the
hydration rate of ordinary Portland
cement should be similar to that of
Alite.

/

A 3.240cnf/g

¥- 3.950crr.2/g

$ 4.580cr,.2/g

- calcu)atedvalue

1 10 100 l.000 10.000 100,000

Hydrationtime (min)

Figure13 Hydrationrate ofA[ite

4 .3 Model of water-cement ratio influence

It is assumed that all particles
water-cement ratio. In the strength
Figure ll, since the ratio of size
water-cement ratio, the water-cement
of the lengthofacubeside. Thismodel

when the grain of the cement' are of
be expressed as a function of ratio

disperse uniformly according to the
development model, which is shown in

of cube to sphere size represent the
ratio can be expressed as the function
expresses 'runiformly dispersedmodelr'.

two sizes, the water-cement ratio can
of the two grain size, as the amount

of aggregated particles increase with water cement ratio. This model
expresses "aggregated particle model".

In the aggregate particle model, the hydration rate of aggregated particles
is assumed to be as follows. Until the hydrate of aggregated particles fills
up the space around finer aggregatedparticles, each one acts as an individual
particles according to numerical formula for hydration rate. Afterwards,
they react as apparent non-aggregated particle of the same grain size. If
it is assumed that the increase in volume due to hydration is approximately
1.26 times, the space around non-hydrated particle is 0.91 (-0.477/0.523)
times of non-hydrated particle. An aggregated particle acts as individual
particleupto 0.72 (-0.91/1.26) degreeofhydration, andafterwards it reacts
as an aggregate.5J@
Table 8 shows the relation between strength and porosity with curing time
according to the uniformly dispersed model. In this case, the calculation
was based on the precept that each cement particle may react toward the center
of particle in same rate based on hydration rate model. Alite and cement
particles are spherical and their size is 10 LAm.The relation between
compressive strength and porosity in this case coincides closely with that
shown in Figure 12.
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TabJe8 Relationbetweencompressivestrengthand porosity
obtainedusingthe uniformTydispersed mode[

Table 10 shows the relation between
strength and porosity in the
aggregated particle model. In this
case, the size of coarse and fine
grains calculated as assuming 10:1
ratio of amount of coarse and fine
grain and having 3200cm2/g specific
surface area. Table 9 shows the
relation between water-cement ratio
and grain size.

Table 9 Relationbetweenwatercement-ratio
and ratJ'00f coarse and finegrains

Table10 Re[ationbetweencompressivestrengthand porosity
obtainedbyusingthe aggregatedparticJemodeJ

Figure 14 shows the relations between strength and porosity for these models.
The strength according to the aggregated particle model is calculated higher
than the other model at low porosity.

Subsequently, Table ll compares values calculated by this model and the
compressive strength ofAlite paste (Table 1). The strength of Alite compared
between the measured strength at water-Alite ratio of 60-o.- and 40-o.- and
calculatedvalue bymodel of 55% and 40%, because actual value of water-cement
ratio of 60 % with 3,240 cm2/g as shown inTable 1 is 56.2 -o.-.Figure 15 shows
the relation between strength and curing time. In the uniformly dispersed
model, even if the surface area is s'mall (approximately 2,000 cm2/g) because
the grain size is set at 10 pn, the calculated strength is higher than the
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measured compressive strength. However it is shown that the strength
calculated by the aggregated particle model coincides nearly with the
experimental value. This demonstrates that effect of water-cement ratio on
strength may be evaluated more accurate by the aggregated particle model
than by the uniformly dispersed model.

Table 11 Comparison of calculated values by modelsand experimental va[ues (kgf/cm2)
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6. Conclusion
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Figure15 Compressivestrengthcalculatedmodels

In this paper, the influence of curing time and water-cement ratio on the
strength of hardened Portland cement paste was studied through experiment
and using analytical models. The results are as follows.

1) In the case of Alite, the porosity related to compressive strength
corresponds to the porosity calculated from amount of bound water on the
basis of the hydration equation.
2) The pore related to compressive strength is less than 1000kgf/cm2 in
intrusion pressure using mercury porosimetry(pore radius: above 7.5nm) in
the case of Alite.
3) The aggregated particle model can explain variations in pore structure
at the early stage for different water-cement ratios.
4) The aggregated particle model demonstrates that the packing arrangement
of cement particles when superplasticizer is added is different from that
with no addition.
5) The proposedmodel can explain the relationbetween the strength of hardened
cement and the pore structure. This model combines the strength development
model based on contact area between cement hydrate particle, the aggregated
particle model, and the hydration formula of Alite.
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VV/C 5 5% 4 0%

curing tim e 3 days 7 days 2 8 days 3 days 7 days 28 days

experjm entat 5 8 100 242 288 4 70 867
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