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ABSTRACT

In this paper a mathematical model for the prediction of Portland cement
compressive strength after 2, 7 and 28 days is developed and the importance
of chemical-mineralogical and fineness factors is pointed out. It is shown
that the fineness is the predominant factor affecting the early strength
while the chemical and mineralogical synthesis of the cement contribute to
the strength development after 7 and 28 days. The 28 day strength of the
cement is significantly affected by the distribution of the material in the
size fractions 3um, 3-16um, 16-24um and 24-32 um.

Introduction

The standard 28 day compressive strength test is widely used for the characterisa-
tion of the cement properties. Since, in industrial practice, 28 days is a very long period
the faster determination of the cement strength is a favourite object of recent
research.

There are two methods for the faster determination of cement strength: the
accelerated strength test methods (1) and the use of suitable mathematical models
(2,3,4,5). Besides other researchers have studied the effect of the clinker composition
(6,7), the clinker microstructure (8,9), the porosity and pore structure (10,I1) and the
cement fineness (12,13,14) on the cement strength.

In the present paper a mathematical model for the prediction of cement strength
is developed based on three series of data concerning the chemical-mineralogical
synthesis of the cement, the parameters of the particle size distribution of the cement
and the material distribution in characteristic size fractions.

Experimental

The data used for the development of the strength model are given in Tables 1 and
2 which present the chemical-mineralogical data and the data concerning the fineness
of the cements respectively.
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TABLE 1
Chemical and Mineralogical Characteristics
of the Cements used.

1 60.5 111 72 119 0571 260 96.2 545 0.61
2 577 14.0 6.0 12.5 062 250| 945 414 048
3 53.0 185 6.5 12.8 059 245| 924 286 0.31
4 593 12.5 6.4 124 054 250 95.3 4.73 0.52
5 544 16.7 6.8 122 061 270 934 326 0.56
6 56.6 14.9 6.7 124 060 272 942 380 0.54
7 63.0 94 6.3 12.2 052 240 96.8 6.70 0.51
8 56.5 15.1 6.9 12.0 060| 260 942 374 0.57
9 54.2 17.0 7.2 1.9 059 275 933 318 0.61
10 56.2 16.4 73 11.1 065 260 93.7 342 0.65
1 59.6 12.2 7.0 119 062] 260 95.6 488 0.59
12 62.5 88 78 11.6 054 2557 975 712 0.67
13 57.0 139 6.7 12.8 059 255| 947 4.10 0.53
14 541 16.6 71 128 061] 240 935 326 0.56
15 59.1 119 7.3 122 054 250 958 497 0.60
16 598 128 6.3 122 060] 260 95.1 4.65 0.51
17 588 13.6 6.9 11.0 064 266| 949 4.33 0.63
18 499 208 6.6 131 065 265 914 240 0.50
19 60.0 125 6.9 11.3 039 255| 955 4.78

Results And Discussion

The following series of variables have been tested in order to certify their effect
to the cement strength.

a. chemical - mineralogical variables: % content of C3S, C32S, C3A, C4AF,
Na20eq, SO3, fCaO, values of C3A/C4AF, C3S/C3S, lime saturation factor LSF (%),
alumina ratio AR.

b. particle size distribution variables: specific surface Sb, position parameter pp,
80% passing size Pg(, uniformity factor n.

c. size fractions variables: % content in 3-32um, 3um, 3-16pm, 16-24um, >24pm,
>32um.

The selection of the variables that contribute to the prediction of the cement
strength is based on stepwise regression analysis. In figure 1 the variables that are
inserted in mathematical models by this statistical procedure are illustrated. It must be
noticed that, in case of strongly correlated parameters, the effect of each one on the
development of cement strength cannot be drawn from this figure.

The stepwise regression analysis of the data presented in Tables 1 and 2 leads to
the relation 1.
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TABLE 2
Fineness Characteristics of the Cements used

2 3940 | 102 163 261 16 ) 70.2 133 40.2 17.7 256
3 3820 097 1781 291 16.0 709 131 386 18.8 26.6
4 39490 101 152 244| 175 70.9 1.6 424 16.8 233
5 3900 | 0.99 182 2941 157 684 159 379 17.3 291
6 3870 103 161 256 155 728 11.5 432 17.9 232
7 4100 105 60| 251| 157 70.5 120 399 194 232
8 3910 | 100 156 | 251| 175 70.0 12.5 412 16.6 247
9 3750 | 100 16.0 | 257 17.1 70.7 12.7 397 178 259
10 3230 | 092 236 398 140 60.2 256 328 13.0 40.0
11 4000 | 097 174 | 284| 162 713 12.5 40.2 18.4 252
12 4050 | 101 1641 263 166 70.4 13.0 390 183 26.1
13 3980 1.02 164 261| 156 719 12.5 418 180 24.6
14 3900 099 62| 261| 170 720 134 410 16.8 276
15 4000 [ 103 17.5] 278 146 1.7 137 379 19.8 277
16 3500 093 225] 376 14.1 62.7 232 337 158 364
17 3320 094 2321 385| 136 62.1 243 328 16.1 375
18 3720 099 176 284| 155 69.3 152 396 17.3 216
19 3260 097 227 371 130 60.5 26.5 327 15.5 388

Variables 2 d. Strength 7 d. Strength 28 d. Strength

C3S/C2S B

C3A/C4AF FIG. 1

LSF (%) Selected variables

Sb (cm?/g) by stepwise regression
pp (um) analysis for the
Pgo (um) prediction of cement
3um (%) strength
3-32 um (%) (shading=selection)
3-16 um (%)
16-24 um (%)
C35/C28
C3A/C4AF
LSF(%)
S22 000 000 0.00 0.0066 0.00 031 000 -090 098 093] |Sp(cm2/ g)
S7 |= [-134 000 164 00000 -1393 677 -358 000 0.00 0.00)| pp(um) Q)]
So8 -1175 3537 846 0.0000 -7405 3547 -987 -539 0.00 693]|Pgo (um)
3um (%)
3-32um (%)
where S2, 87, S28 are the compressive strength after 3-16pm (%)

2, 7 and 28 days (N/mm?2) respectively 16-24um(%)
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The relation (1) results to:
So= 0.0066Sp, +0.31PgQ -0.90(% 3-32um) + 0.98(% 3-16pm) + 0.93(% 16-24um) 1))
$7=-134C3S/C3S + L64LSF - 13.93pp + 6.77Pg0 -3.58(% 3um) A3)

S2g= -11.75C3S/C28S + 3537C3A/C4AF + 835LSF -74.05pp + 35.48Pg0
- 987(% 3um) - 5.39(% 3-32um) + 6.93(% 16-24pum) 4

The measured and predicted strength values are presented in Table 3.

In order to investigate the fitting of the multiple regression models 2,3 and 4 to
the set of data, the statistic multiple coefficient of determination R2 (R square) is
determined. The R2 is 0.9979, 0.9985 and 0.9978 for the models 2, 3 and 4
correspondingly. That means that the 99.8% of the sum of squares of deviations of the
measured strength values about their mean is attributable to the least-squares
prediction equations therefore the model fits the data best.

The F-test statistics are 1786, 541 and 1073 for the models 2, 3 and 4
correspondingly which greatly exceed the tabled values 2.90, 2.90 and 2.85. That means
that at least one of the parameters of the independent variables does not equal zero for
a confidence interval of 95%.

The adequateness of the obtained mathematical models has been examined by
Student’s t-test and all calculated values of t-test are less than tabulated at a=0.05.
Therefore an exact functional dependence can be established between the studied

TABLE 3
Measured and Predicted Strength Values of the Cements used.

1 278 416 56.2 29.0 42.7 59.6 4.2 26 6.0
2 217 395 520 27.0 39.7 54.6 25 04 5.0
3 242 36.6 56.1 26.0 391 571 7.2 6.8 17
4 276 414 56.0 272 403 56.6 1.6 26 L0
5 285 413 54.1 26.7 388 552 6.2 6.1 20
6 273 445 57.6 272 431 551 0.4 32 44
7 297 414 59.6 288 413 55.0 31 04 7.8
8 26.6 402 60.6 266 39.2 60.3 0.2 26 04
9 259 396 65.6 248 39.0 64.4 43 L5 19
10 248 39.8 573 239 397 56.4 38 0.1 15
11 277 409 638 278 420 62.0 02 27 29
12 262 403 55.7 27.0 408 56.7 3.0 13 19
i3 277 432 56.4 276 427 573 04 11 17
14 246 39.0 521 251 398 510 19 20 21
15 273 424 575 263 431 61.0 38 16 6.0
16 279 41.0 582 262 40.7 58.2 6.0 038 0.1
17 239 39.8 54.6 253 392 56.0 57 16 2.6
18 255 358 50.7 26.1 38.7 515 24 82 16
19 236 377 50.9 252 389 513 6.7 31 038
20 281 42.9 62.8 26.2 40.3 58.5 6.8 6.2 6.9
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variables and the cement strength. The average differences between measured and
predicted strength are 4.73 %, 398 % and 4.83% or more specifically 1.26, 1.61 and 4.83
N/mm?2 for the models 2, 3 and 4 correspondingly.

In Figure 2 the values of cement strength after 2, 7 and 28 days vs. predicted
values are presented. Therefore the simulation of the strength development is very
satisfactory.

From the relations 2,3 and 4 it is obvious that the fineness of the cement is the
significant factor for the strength after 2 days. More specifically the particle
fractions <3, 3-16 and 16~24um have a positive effect on the strength while the fraction
24-32um has a negative one. In addition the increase of the specific surface and Pgq of
the cement leads to higher strength values.

The cement strength after 7 days is affected by the ratios C38/C2S and the LSF
value as well as by the characteristics of the particle size distribution pp and Pgg. The
fraction with size less than 3um lowers the strength value as it was expected.

The 28 day strength is affected by the LSF value and the ratios C38/C2S and
C3A/C4AF. Besides it is observed that the fraction 16-24um has a positive effect while
the fractions <3, 3-16 and 24-32 have a negative one.

It must be noticed that it is not possible to extract conclusions concerning the
individual contribution of the C3S/C2S, C3A/C4AF and LSF values on the strength as
these variables are strongly correlated.

The models 2, 3 and 4 have been tested for the prediction of the strength of
cements produced by the Greek companies and the results were very satisfactory.
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FIG. 2.
Compressive cement strength vs predicted cement strength after 2, 7 and 28 days.
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Conclusions

The following conclusions can be drawn from the present study:

. A mathematical model for the prediction of the 2, 7 and 28 day compressive
strength of the cement is developed based on stepwise regression analysis.

» The proposed model predicts the cement strength with a satisfactory accuracy.
o At early ages the strength is affected mainly by the fineness parameters.

e At later ages the chemical - mineralogical synthesis of the cement influences
the strength growth.

o The 28 days strength is strongly affected by the distribution of the cement
particles in the size fractions <3um, 3-16pm, 16-24um and 24-32 um. Specifically the 16-
24pm fraction is the only one which has a positive effect on the strength development.
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