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Abstract

In this paper a concept of contribution of unit clinker or unit cement to the strength of cement or concrete with active mineral addi-
tives was introduced. Some definitions have been given to specific strength of unit clinker in cement, specific strength of unit cement in
concrete, specific strength of pozzolanic effect in cement or concrete, specific strength ratio, and contribution rate of pozzolanic effect to
strength. Using these indexes and a diagram of pozzolanic effect, the magnitude, influencing factors, and regularity of pozzolanic effect
during hardening of cement and concrete with active mineral additives can be analysed quantitatively. © 1999 Elsiever Science Ltd. All

rights reserved.
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In modern cement and concrete technology, addition of
active mineral additives (fly ash, silica fume, dag, natura
pozzolan, etc.) is of great scientific significance [1]. It is
well known that the clinker minerals C;S and C,S that take
about 75% of the portland cement will form high basic cal-
cium hydrosilicates (c/s > 1.5) with a lime/silica ratio of
1.6-1.9 and a large amount of calcium hydroxide [2]. In
comparison to low basic calcium hydrosilicates (c/s < 1.5),
they have much lower strength [3]. In particular the free
lime has a rather low strength and poor stability, which
leads to lower strength and less durability of cement paste
and concrete. With the addition of a proper amount of active
mineral additives, the active SiO, will gradually have a sec-
ondary reaction with Ca(OH), and high basic calcium hy-
drosilicate in cement paste, as the so-called pozzolanic reac-
tion, forming low basic calcium hydrosilicates.

Thus, as aresult there will be an increase not only in the
quality of hydrates but in the quantity as well, and the
strength of cement paste and other properties can be im-
proved greatly. However, for a long time, there have been
unsolved problems as how to determine the activity of ac-
tive mineral additives and how to describe the behavior of
pozzolanic reaction of active mineral additives in cement
and concrete. Therefore, the author has suggested a method
of specific strength (SS) with which a study on pozzolanic

* Tel: 86-23-65120260; Fax: 86-23-65124659; E-mail: jiancai @cqjzu.
edu.cn.

effect of cement and concrete with active mineral additives
was carried out.

1. Pozzolanic effects of active mineral additives
in cement

For this study fly ash was chosen as active mineral addi-
tive. In the tests, the fly ash from Chongging Power Plant
(Chongging, China) and the clinker from Chongging Ce-
ment Plant (Chongging, China) were used. Their chemical
compositions are shown in Table 1. The clinker was ground
to afineness of 3300 cm?/g with a dosage of 4% gypsum as
retarder.

To overcome the disadvantages of low strength at early
age of the fly ash cement, in particular for those with alarge
dosage of fly ash, 2% Na,SO, and 3% CaSO, - 2H,0 has
been added into fly ash cement.

Due to favorable water-reducing effect of fly ash, the
water/cement ratio in this test on fly ash cement is taken as
0.41, athough according to Chinese Standard GB175-85,
the water/cement ratio for test on strength of fly ash cement
mortar should be 0.46. For fly ash cement mortar with a
large dosage of fly ash at water/cement ratio of 0.46, the
mixture will be more flowable and the time for mould fill-
ing by compaction is much less than 20 s. As aresult, dur-
ing compaction by vibration, segregation would occur.
Therefore, the water/cement ratio in this test was reduced to
keep the time for mould filling in the range of 2040 s. Test
resultsare given in Table 2.
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Tablel1

Chemical composition of the fly ash, clinker, silicafume, and OPC (%)
Chemical Lossof
composition SIO, Fe,0O; Al,O; CaO MgO TiO, SO; ignition
Fly ash 4825 12.88 2584 356 098 294 143 7.8
Clinker 2088 389 558 6182 225 080 124 138
Silicafume 9127 045 017 045 092 — — 288
OPC 2050 310 590 620 180 060 217 0.80

At first we introduce a concept of contribution of unit
clinker to strength of fly ash cement at different ages (that
is, the contribution of 1 wt% clinker to the strength of mor-
tar sample with this cement) and we define it as specific
strength of clinker in the cement (or specific strength of ce-
ment in short). It equals the real flexural or compressive

strength divided by percentage of clinker for a given com-
position. Theresultsare given in Table 2, Fig. 1, and Fig. 2.

It can be seen from Figs. 1 and 2 that at 3 days of age
there is a rather poor specific compressive and flexural
strength of the clinker in the fly ash cement; it is without
definite regularity of variation. Thisis dueto the fact that at
early ages of hydration, the degree of hydration reaction
was rather low for the fly ash cement with a weak poz-
zolanic effect, and the strength was low. Such aweak effect
is easily masked by the strength deviation due to accidental
factors. At 28 days of age and in particular at 360 days of
age, the specific strength of clinker in fly ash cement is
much higher than that in pure clinker cement. With an in-
crease of dosage of fly ash, the specific strength increases
greatly, showing definite regularity.

It isclear as mentioned above that the specific strength of

Table2
Mix proportion, strength, SS, and SSPE of fly ash cement
No.
1 3 4 5 6
Mix proportion (%)
Clinker 96 65 55 45 35 25
Fly ash 0 30 40 50 60 70
Admixture 4 5 5 5 5 5
w/c (%) a4 41 41 41 41 41
Charging time (s) 56 36 34 26 25 25
Flexural strength (Mpa)
3days 7.98 6.68 6.52 5.42 4.09 2.78
7 days 8.47 7.56 7.37 6.14 5.66 4.20
28 days 10.57 10.89 10.05 10.01 8.81 6.79
Compressive strength (MPa)
3days 374 274 24.7 20.6 14.0 9.7
7 days 457 30.9 28.9 26.5 20.9 15.6
28 days 61.3 46.0 485 434 36.2 28.3
Mark of cement* 525R 425R 425R 425R 325 275
Strength at 360 days (MPa) and the mark
Flexural 11.60 12.36** 12.36** 12.36** 11.86 10.17
Compressive 711 75.7 75.0 66.9 57.2 44.2
Mark 625 725 725 625 525 425
Increase in mark class 1 3 3 2 2 2
SS of clinker in the cement (MPa)
Flexural
3days 0.083 0.103 0.119 0.120 0.117 0.111
28 days 0.110 0.168 0.183 0.222 0.252 0.272
360 days 0.121 0.190 0.225 0.275 0.339 0.407
Compressive
3days 0.39 0.42 0.45 0.46 0.40 0.39
28 days 0.64 0.71 0.88 0.96 1.03 1.13
360 days 0.74 1.16 1.36 149 1.63 1.77
SS of pozzolanic effect of FA cement (MPa) (SSPE)
Flexural
3days 0 0.020 0.036 0.037 0.034 0.028
28 days 0 0.058 0.073 0.112 0.142 0.162
360 days 0 0.069 0.104 0.154 0.218 0.286
Compressive
3days 0 0.03 0.06 0.07 0.01 0
28 days 0 0.07 0.24 0.32 0.39 0.49
360 days 0 0.42 0.62 0.75 0.89 1.03

* According to Chinese Standard, the series of cement marks are: 125, 175, 225, 275, 325, 425, 425R, 525, 525R, 625, 625R, 725, 725R.

** Specimen did not fail and the maximum indications has been taken.
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Fig. 1. Specific compressive strength of mixes.

clinker in fly ash cement is higher than that of clinker in
pure clinker cement. With an increase of age and addition of
fly ash, the deviation is increased, which is caused by the
pozzolanic effect of the fly ash. The strength of cement with
addition of active mineral additives can be considered as
composed of two parts: the first part of the strength is con-
tributed by the hydrates that are formed by the hydration of
clinker in the cement, and the second part is contributed by
the additional hydrates obtained from the secondary reac-
tion between active silica and aluminum oxides in active
mineral additives with free calcium hydroxide obtained
from hydration of clinker. In addition, there is also a contri-
bution to the increase of strength from an enhancement of
cementitious performance by formation of low basic hy-
drates that resulted from a reaction between high basic hy-
drates with active silica oxide in additives. We call the sec-
ond part the strength of pozzolanic effect for the cement. It
is only this part of the strength that makes the specific
strength of fly ash cement at later age become much higher
than that of pure clinker cement. The difference can be
called SS of pozzolanic effect (SSPE).

In Fig. 1, the zone between the line AB (SS of pure clin-
ker cement) and the curve CD (SS of fly ash cement) indi-
cates the diagram of specific compressive strength of poz-

Speific Flexural Strength(MPa)
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Fig. 2. Specific flexural strength of mixes.

zolanic effect (DPE) for the cement with 30~70% fly ash at
28 days. Other similar DPE aso can be seen in Figs. 1 and
2. Except for DPE, which give the regularity of the poz-
zolanic effect based on the data of specific strength and the
specific strength ratio (SSR) for the cement (or concrete)
with active mineral additives at different ages and different
dosages, the contribution rate of pozzolanic effect (CRPE)
to the strength of the cement (or concrete) can be calculated
(the formula for calculation can be found in Table 3, sec-
tions1V and V).

It can be seen from Table 4 that with an increase of dos-
age and age, the contribution rates of pozzolanic effect on
the strengths are increased. For the dosage of 70% of fly
ash, at 360 days, the contribution rate of pozzolanic effect to
the flexural strengthsis as high as 70.3% and the contribu-
tion to the compressive strength is 58.2%. Consequently,
the pozzolanic effect is of important significance.

2. Pozzolanic effect of active mineral additives
in concrete

The materials chosen are silica fume as active mineral
additives (Tangshan Steel Co, Tangshan, China) and OPC
of Chongqing Cement Plant mark 525R as cementitious ma-
terial. Their chemical compositions are shown in Table 1.
The coarse aggregate applied is crushed limestone with a
maximum size of 20 mm. The fine aggregate is medium
sand with fineness modulus of 2.40. The cementitious mate-
rial for silica fume concrete is composed of 90% cement
and 10% silicafume. In addition, under the same conditions
a control concrete has been made with a pure cement. The
same dosage (1.7%) of superplasticizer was added. The test
resultsare given in Table 5 and Fig. 3(A).

Here, we introduce the contribution of unit cement to the
strength of concrete at different ages (i.e., the contribution
of 1% cement to the strength of concrete). It isdefined as SS
of cement in the concrete (or SS of concrete in short). Based
on Table 5, the specific compressive strength value for two
mixes are given in Table 3 and Fig. 3(B).

Table3
SS, SSPE, SSR, and CRPE of silicafume concrete
Formulafor Age (days)
No. Items calculation 3 28 56 90
| SS of control R 0.641 0.763 0.814 0.938
concrete (MPa) 100
Il SSofslicafume R 0.763 1.169 1244 1.400
concrete (MPa) 90
Il SSof pozzolanic -1 0.122 0.406 0.430 0.464
effect (MPa)
IV SSR 1 1190 1532 1528 1.49
|
V  CRPE (%) II”—I><loo 160 347 346 331
VI CR of hydration to lX1OO 840 653 654 669
the strength (%) 11
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Table4
SSR and CRPE for fly ash cement
Dosage of fly ash (%)
Index Type of strength Age (days) 0 30 40 50 60 70
SSR Flexural 28 1.000 1527 1.664 2,018 2.291 2.473
360 1.000 1.570 1.860 2.273 2.802 3.364
Compressive 28 1.000 1.109 1.375 1.500 1.609 1.776
360 1.000 1.568 1.838 2014 2.203 2.392
CPRE (%) Flexural 28 0 345 39.9 50.5 56.3 59.6
360 0 36.3 46.2 56.0 64.3 70.3
Compressive 28 0 19.9 27.3 333 37.4 434
360 0 36.0 456 50.3 54.6 58.2
Table5
Strength development of silica fume concrete
Composition of
cementitious materials Flowability
Cement Silicafume Slump Spread Apparent density Compressive strength R (MPa)
Mix no. (%) (%) wic (mm) (mm) at 28 days (kg/m?) 3days 28 days 56 days 90 days
1 100 0 0.25 110 — 2553 64.1 76.3 81.4 93.8
2 90 10 0.25 235 580 2550 68.7 105.2 112.0 126.0
In comparison with control concrete without silicafume,
there will be a higher contribution of unit cement to the con-
crete strength. The increment of contribution is that from
sone of super high strength pozzolanic reaction between silica fume and cement. It is
o 5120 -0 defined as specific strength of pozzolanic effect for silica
7S A) fume concrete. It can be seen from Fig. 3(C) that, with in-
£g % - o crease of age, the specific strength of pozzolanic effect in-
§ 5 aof 1-silica fume 10% creases, until 28 days. The rate of increase is higher than
@ . . . . that after 28 days. Here, the zone between the curve and ab-
o3 8 56 90 scissa is defined as DPE for the concrete (with age). Fig.
3(D) gives the contribution rate of pozzolanic effect to the
12 strength of silica fume concrete. At 28 days, the contribu-
% 038 . B) tion rate attained its maximum (34.7%) and was followed
773 04l zoneof pozzolanic effect by agradual decrease _ N _ _
A It should be pointed out that with addition of active min-
8- : eral additives into cement and concrete, except for poz-
8% %0 zolanic reaction, there were other effects existing, such as
T o4 water-reducing effect of fly ash, microfilling effect of silica
% ‘ fume, and so on. However, in comparison with the poz-
002 zolanic reaction, they are secondary. It is impossible and
& unnecessary to remove such effects for the specific strength
“20.0 study. Consequently, the pozzolanic effect given in this pa-
per is an overal effect including the pozzolanic and these
40

CRPE(%)
z BB

(=]

3 28 56 90
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Fig. 3. Specific compressive strength value of age.

secondary ones.

3. Conclusions

The magnitude of pozzolanic effect, influencing factors,
and its regularity of various active mineral additivesin ce-
ment and concrete can be exactly identified and analysed by
the SS, contribution of pozzolanic effect to strength, and
DPE suggested by the author. It has the following advan-
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tages. (a) Without application of other chemical, physical,
or microscopic testing methods, an exact conclusion can be
drawn by preparing a group of specimens for control ce-
ment or concrete under the same conditions; (b) The results
are given as strength index, which is similar to that for ce-
ment and concrete strength estimation; and (c) There could
be a quantitative comparison and analysis for the pozzolanic
effect based on the test results.

With the addition of fly ash into cement, the pozzolanic
effect will vary with age and dosage of fly ash. The poz-
zolanic effect isincreased with age, and in the range studied
the pozzolanic effect is increased with increase of the dos-
age. As for the fly ash, the pozzolanic effect is mainly ex-
pressed at later age of hardening. At 1 year of age, the com-
pressive strength of fly ash cement is increased by 2-3
class.

Because silica fume is a highly active mineral additive
with its addition into concrete, there will be pozzolanic ef-
fect at 3 days of age and the rate for pozzolanic reaction un-
til 28 days is rather high, and then this is followed a de-
crease. In this study, the contribution of pozzolanic effect to
strength reaches its maximum at 28 days.
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