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Based on a statistical model first applied for prediction of compressive strength up to 28 d from the
microstructure of Portland cement, potential compressive strength of clinker has been predicted from
its mineralogy. The prediction model was evaluated by partial least squares regression. The mineralogy
was described by patterns from X-ray diffraction analysis in the 2h-regions 29.88–30.70� and 32.90–
34.10� (using CuKa-radiation).

It has been shown that prediction of potential compressive strength of clinker up to 28 d from the
observed variation in the mineralogy gave a significant variation of the strength at both 1 and 28 d. Sen-
sitivity analysis based on simulation, optimisation and prediction made it possible to study the influence
of the mineralogy on the strength in more detail.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The influence of the characteristics or the microstructure of
Portland cement on compressive strength up to 28 d was investi-
gated statistically by Svinning et al. [1] by application of multivar-
iate data analysis, specifically partial least square regression (PLS)
analysis. The main groups of characteristics were mineralogy and
superficial microstructure represented by curves from X-ray dif-
fraction analysis (XRDA) and differential thermogravimetric analy-
sis (DTGA), as well as particle size distributions. PLS gave
maximum explained variance in compressive strength at 1, 2, 7
and 28 d of 93%, 90%, 79% and 67%, respectively. Most of the vari-
ance in the compressive strength up to 28 d was explained from
the variances of the variables describing the mineralogy and the
particle size distribution. The variables describing the superficial
microstructure influenced the compressive strength at 28 d less
than the compressive strength at 1 d.

Clinkers from four Scandinavian plants were examined with re-
spect to microstructure and cement properties by Svinning et al.
[2]. The development of clinker’s potential compressive strength
up to 28 d was predicted from its microstructure. Two methods
were used to characterise the microstructure of clinker, scanning
electron microscopy (SEM) and X-ray diffraction analysis (XRDA).
When analysing the process condition in a kiln from the micro-
structure of clinker, it was found that characterisation of the
ll rights reserved.
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microstructure by SEM gave more valuable information than char-
acterisation by XRDA. The microstructure characterised by SEM re-
flected different heating and cooling rates, due to the different size
of the kilns and the different types of coolers. XRDA of the cement
on the other hand, gives satisfactory characterisation of the miner-
alogy of the clinker part of the cement concerning the prediction of
the compressive strength of cement. The mineralogy of the clinker
is described in Refs. [1,2] by XRD-profiles in the 2h – ranges 29.88–
30.70� and 32.90–34.10� (using CuKa-radiation).

The mineral composition could be determined by multi-com-
ponent Rietveld analyses. Instead of including selected parts of
the diffractogram, which requires many variables to describe
the profiles, only a few variables giving the whole mineral com-
position would need to be included in PLS. However, the inaccu-
racy of the amount of a mineral determined by Rietveld analyses
will increase as the amount of the mineral decreases. C3A could
also exist as two polymorphs, cubic and orthorhombic, with dif-
ferent reactivity. A total amount of C3A, as calculated by the Bo-
gue methodology, like for instance 5%, split into polymorphs
could lead to a fairly high inaccuracy in the calculation of the
amount of each. The benefits of including the XRD-profile as it
has been done here are: (a) no information is lost, and (b) any
change in structure or unit cell dimensions due to foreign ion
contamination or interchange will be detected directly by
changes in the position of the respective peaks. Such structural
changes of the minerals may influence their reactivity towards
water leading to changes in properties like compressive strength
up to 28 d as shown by Svinning et al. [2].

http://dx.doi.org/10.1016/j.cemconcomp.2009.12.004
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As discussed in [1], the range 2h = 29.88–30.70� contains infor-
mation solely on alite and aphthitalite, K3Na(SO4)2 (i.e. other
known cement minerals have no reflections in this region).
Although the intensities of the two overlapping alite reflections
are modest, the domination of this mineral in Portland cement se-
cures a good signal-to-noise ratio for this mineral. Alite is dominat-
ing the early strength development, as is well known. One of the
strongest reflections of aphthitalite is in the high end of this first
XRD region, and it can give valuable information on this easily sol-
uble alkali sulphate. In spite of its low content, aphthitalite can
dominate the early pore water chemistry and strongly influence
setting time, for instance. The second XRD region of 2h = 32.90–
34.10� is dominated by reflections of C3A and C4AF, but it also
contains the dominating reflection of the more seldom clinker
minerals a0-C2S and mayenite, C12A7. The common clinker phase
belite, b-C2S, also has a modest reflection in the low end of this re-
gion. However, since alite and belite are the only silicate phases, an
increase in alite content will lead to a decrease in belite content so
an independent control of the latter is not required. Thus, the two
selected XRD regions cover the responses for all the important clin-
ker minerals, and they measure more directly the actual content of
each mineral since the simple Bogue calculation is at best an indi-
cation of the mineral composition.

Knöfel [3] established a formula for predicting compressive
strength at 28 d as a function of clinker phases. The strength in-
creased most with the portions of alite and less by the portions
of belite and aluminate. The strength decreased with an increase
in the portion of ferrite. Lawrence [4] has established a formula
for predicting compressive strength at 1 d. The predicted strength
increased with the amount of C3S and decreased with decreasing
amounts of C3A and C4AF. According to Aldridge [5], the influence
of C3S decreases with increasing age of curing while the influence
of C2S increases. Odler and Wonnemann [6,7] have studied the ef-
fect of alkalis on Portland cement hydration. In [6] the effect of al-
kali oxides incorporated into the crystalline lattice of clinker
minerals was studied and in [7] the effect of alkalis present in form
of sulfates.

Ono developed methods to interpret kiln conditions and formu-
lae to predict 28-d mortar-cube strength (F28d). Ono’s latest for-
mula [8] express F28d as a function of alite size, alite
birefringence, belite size and belite color. The equation should be
modified in case of magnesia content higher than 1.8% and lower
than 1.2%. According to Ono [9] the alite birefringence will vary
with lattice constants of alite, which again will vary with the
amount of SO3 and magnesia as well as with the burning temper-
ature and hydraulic activity. From this, he concluded that the X-ray
powder diffraction analysis may be an alternative method to
microscopy with respect to characterising and controlling the qual-
ity of clinker. Tricalcium silicate exhibits seven polymorphs
depending on the impurities and the temperature: T1, T2, T3 for
the three triclinic forms, M1, M2, M3 for the three monoclinic forms
and R for the rhombohedral one [10]. The most common modifica-
tions are M1 and M3. The formation temperature for M3 is higher
than for M1. Maki and Chromy [11] have shown that M1 and M3

can be distinguished by means of birefringence measurements.
Portions of XRD powder patterns of the different modifications

of C3S were presented by Maki and Kato [12]. The 2h ranges of the
patterns being focused were 32–33� and 51–52�. The peak at
approximately 32.6� could contribute much for explaining the
change in compressive strength from the change in the birefrin-
gence of alite. The profile of the peak rather than its position is
changing with the modification from M3 to M1. The peak position
seems, however, to move slightly to a lower 2h angle with an in-
crease in M3 and a decrease in M1. In a XRD powder pattern of ce-
ment, the C3S-peak at 32.6� will overlap a peak of belite, which will
make interpretation of the XRD pattern even more complicated.
The positions at 2h angles 30.04� and 32.6� are reported to change
simultaneously and similarly [13]. The ranges of 2h angle 29.92–
30.70� and 32.90–34.10� could therefore be defined to contain
sufficient information about the structure of alite for predicting
potential compressive strength.

Besides ordinary multivariable regression, fuzzy logic [14],
stepwise regression [15], genetics algorithms–artificial neural net-
works (GAs–ANNs) [16], gene expression programming (GEP) and
neural networks (NNs) [17] and PLS [2,18–21] have been applied
in the evaluation of the model for prediction of cement strength.
GAs–ANNs and PLS represent different types of multivariate cali-
bration or modelling with hidden layer or latent variables. In
[21], the latent variables were taken into consideration in the sen-
sitivity analysis while in [16] the hidden layers were not. In [21],
examples of sensitivity analysis in the form of a simulated varia-
tion of a latent variable from which cement properties are pre-
dicted are shown. In the [14–17], only variables presenting
chemical component composition not the mineralogy of clinker
were included in the modelling.

The prediction of potential compressive strength of clinker from
the mineralogy was in this work based on a PLS model evaluated
for prediction of compressive strength by Svinning et al. [1] from
the whole microstructure of the cement. The observation X-matrix
could be partitioned into the sub-matrices: Xmineralogy, Xpart distr,
Xsuperficial micr LT and Xsuperficial micr HT (LT and HT refer to the low and
high temperature range differential thermogravimetric analysis
(DTGA)) .The potential compressive strength was predicted from
an artificial observation matrix where all the variables, except
xmineralogy presented as the XRD intensities in the two 2h ranges,
were kept constant and equal to their mean values. The number
of observations was the same as in the original observation matrix.

The influence of the mineralogy on the potential compressive
strength was examined by simulation, optimisation and prediction.
The latent structure of XRD intensities is found by evaluating a new
PLS model for predicting potential strength from the XRD intensi-
ties only. Variation in the intensities was simulated by model-
based optimisations of xmineralogy to achieve compressive min and
max strength at either 1 or 28 d. It was concluded in [21] that
the influence of a latent variable on y was much more significant
than that of a single x-variable. Optimisation of y constrained by
PLS-components will therefore give a more realistic and better
solution for implementation in the design of cement and the qual-
ity control during production.

Finally, the potential compressive strengths at 1, 2, 7 and 28 d
was predicted from the simulated variation in the intensities being
a part of a full x-variables observation matrix where all the other x-
variables were kept constant and equal to their mean values. This
type of sensitivity analysis has been presented by Svinning and
Høskuldsson [21,22]. The amounts of Na2O and K2O and the ratio
Al2O3/Fe2O3 were included as supplementary variables from the
interest of studying the influence of these variables on the struc-
ture of the clinker minerals.
2. Methods

2.1. Characterisation of mineralogy of clinker

The XRD analysis was performed on ground clinker. The XRD-
profiles consisted of intensities at every 0.02�. The scaling of the
intensities and adjustment of the 2h-position of the diffraction
peaks were based on normalisation of the area and adjusting the
2h-axis to match the diffraction peak at d = 3.52 Å for anatase
(TiO2), which was intermixed in an amount of 10 wt.% of the total
sample. Examples of diffractograms including the peak of the refer-
ence are shown in Fig. 1. To reduce the number of intensities (and



Fig. 1. Examples of X-ray diffractograms of two neat cements in the 2h range 24–36� (from Ref. [1]).
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the number of variables) and simultaneously increase the signal-
to-noise ratio, one variable was made out of three by averaging
three adjacent variables in the diffraction profile before including
the variables in PLS. The number of variables was further decreased
by selecting two small regions (2h) of diffractogram, 29.88–30.70�
and 32.90–34.10� (using CuKa-radiation), to be included in the
modelling.

The brand of the diffractometer used was Philips X’pert. The TG
apparatus applied was a Netzsch STA – Apparatur 409 V/3/C�.

2.2. Evaluation of the prediction model

In cases where the number of variables is large relative to the
number of observations or objects, data compression by expressing
the original x-variables by fewer latent variables or factors could be
necessary. Partial least square regression (PLS) performs calcula-
tion and optimisation of a number of factors for maximum expla-
nation of variance in the y-variables. In addition, model
parameters are calculated for prediction of y for new values of
the x-variables. In this work PLS was performed on several y-vari-
ables combined expressed as a vector. The models which relate the
PLS model terms are given by the two expressions in the equations
below:

X ¼ TPT þ E ð1Þ

Y ¼ UQ T þ F ð2Þ

T and U are factor scores, P and Q are x and y-variables loadings and
E and F are the residuals in X and Y, respectively. Alternatively, Eq.
(1) could be expressed in the form:

X ¼ t1pT
1 þ t2pT

2 þ � � � þ tapT
a þ � � � þ tApT

A þ E ð3Þ

A is equal to the maximum number of latent variables for maximum
explanation of variance in Y.

By scaling the variables, unreasonable domination of variables
with dominating standard deviations, s(x), on the model can be
avoided. The weighting of xi,k by centering and scaling is performed
according to the following formula:
xik;w ¼
xik � �xk

sðxkÞ
ð4Þ

The iterative algorithms for calibration, validation and predic-
tion are described in detail in Martens and Næs [23].

2.3. Sensitivity analysis

The type of sensitivity analysis to be applied for examining the
influence of x on y depends greatly on the type of modelling
applied. In multivariate data analysis like for example PLS, y is cor-
related to the latent variables which are linear combinations of the
x-variables (Eq. (3)). In [3] the variation in y is predicted from sim-
ulated variation of a latent variable. The latent variable may be a
combination of several original latent variables.

The influence of x-variables on the y-variable(s) may be evalu-
ated by predicting variation in y or y from variation of one latent
variable at a time from one ‘observed’ extreme to the other. By
varying the a’th latent variable Dt pa the variation in Dxk in its ori-
ginal form, i.e. not scaled, can be calculated in the following way:

Dxk ¼ ðDtpkaÞsðxkÞ ð5Þ

Similar to a type of sensitivity analysis with variation of only
one x-variable, the score, t, is varied in one direction and in equal
steps, Dt. Calculation of xj, neither centered nor scaled, will be as
follows:

xk ¼ ðtpkaÞsðxkÞ þ �xk ð6Þ

Variation in the whole observation X-matrix was usually simu-
lated prior to the prediction by constructing an artificial observa-
tion X-matrix. In some cases, sensitivity analysis in the form of
prediction from simulated variation of a selection or a group of
variables could be appropriate.

An influence of one or several x-variables on a y-variable is de-
fined in this work as being significant if there is no overlap of con-
fidence intervals of ŷ� 1sðŷkÞ of predicted maximum and
minimum y, respectively.

The simulation of the variation of the mineralogy, by varying
XRD intensities in selected 2h – ranges, could be based on variation
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of one or several latent variables of the XRD intensities. The exam-
ination of the influence was carried out in the following way:

In an overall model

ð7Þ

where the sub-matrices represent the different parts of the micro-
structure, the examination of the influence of xmineralogy on y is car-
ried out by the following procedure:

1. Prediction of ŷ from

where M is the number of rows in the observation X-matrix
Table 1
Typical mineral composition of the clinker used in the different types of cement
presented above.

Mineral and chemical
comp. [%]

Sulphate
resistant

High
strength

Standard
Portland

Rapid
Portland

C2S 16 12 13 12
C3S 60 66 65 66
C3A 0.5 6.1 7.7 6.1
C4AF 15.8 11.0 10.0 11.0
Free lime 0.8 1.1 1.3 1.4
Na2O-equiv. 0.53 0.55 1.05 1.15
2. Revealing the latent structure of xmineralogy can be done by eval-
uating a new model y ¼ ŷ ¼ bTðxmineralogy xsuppl var Þ þ b0

using PLS. xsuppl var may contain a few supplementary variables
relevant for interpretation of variation in xmineralogy.

3. Simulation of variation in xmineralogy by varying one or several
latent variables and establishing an artificial observation matrix
XmineralogyðM; art� KmineralogyÞ with M, art rows where M; art < M
and M�1, art is the number of changes in equal steps of
xmineralogy

4. Prediction of ŷ from

The simulation was performed by minimizing and maximizing y
by application of linear programming. The constraints were given
by a latent variable or principal component and lower and upper
limits of total variation of x. In the simulation above M; art was
set equal to 2.

In order to achieve the most optimal solution, several PLS-com-
ponents could be involved in the optimisation. The ‘‘loadings” in
the new constraints are linear combinations of the original ones
and could be expressed as follows:

pcombination of several PLS-components ¼
XA

a¼1

napa ð8Þ

where
PA

a¼1na ¼ 1 and 0 < na < 1.
The latter constraint prevents absolute values of the scores, |t|,

of optimal x ¼ ðx1 x2 � � � xKÞ to be unreasonably high. The model-
based optimisation is described in more detail by Svinning et al.
[22].

3. Experimental

The types of clinker included in the investigation are applied in
the production of the following cements, with reference to
European (EN) and in addition Norwegian standards (NS) where
they differ by national addendum:

1. Low alkali, sulphate resistant cement, EN 197-1-CEM I 42.5 R,
NS 3086-CEM I R-SR-LA

2. Low alkali, high strength cement, EN 197–1-CEM I 52.5 N, NS
3086-CEM I 52.5 N-LA

3. Standard Portland cement, EN 197-1-CEM I 42.5 R
4. Rapid Portland cement, EN 197-1-CEM I 42.5 R, NS 3086-CEM I

42.5 RR.
Table 1 contains the typical mineral composition (calculated
from the chemical composition by Bogue’s formula) in the clinker
used in the different types of cement presented above.

Some of the samples of standard Portland cement, EN 197–1-
CEM I 42.5 R, contained limestone filler.

The original observation X-matrix consisted of 146 observations
and 210 variables. The x-variables were divided into the following
groups or categories:

1. Mineralogy of the clinker part of the cement described by X-ray
diffractogram sequences (2h-angle) 29.88–30.70� and 32.90–
34.10� (using CuKa-radiation) were taken as variables no. 1–
14 and 17–32.
2. Variables no 38–106 and 137–213 were the superficial micro-

structure of the cement as described by thermograms from
DTGA

3. Particle size distribution of the cement were taken into account
by variables no. 110–136

4. Variable no. 15–16 consisted of the amount of SO3 and free lime
5. Variables not included in basic modelling but later included in

the sensitivity analysis. These variables were the amounts of
K2O and Na2O, respectively, and the ratio Al2O3/Fe2O3.
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The original y-variables: Compressive strengths at 1, 2, 7 and
28 d, were measured according to EN 196-10. For predicting
potential strength of clinker, only the variables describing the min-
eralogy were varied. The intensity defined to be measured at
2h = 29.92� was the average of the intensities measured at
2h = 29.88, 29.90 and 29.92, the intensity defined to be measured
at 2h = 29.98� was the average of the intensities measured at
2h = 29.88, 29.90 and 29.92 and so forth.

The software applied for PLS was Unscrambler version 9.7 and
for optimisation OptPilot [22].

4. . Results and discussion

4.1. Prediction of potential compressive strength of clinker from
observed mineralogy of the clinker part of the cement

Prior to the investigation of the influence of the mineralogy of
the clinker on the compressive strength by sensitivity analysis,
the variation of potential compressive strength was predicted from
the observed variation in the mineralogy of the clinker part of ce-
ment. The significance of the variation of the predictive strength
can be studied by comparing the variation in the predicted
strength with the standard deviation of each of the predicted
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Fig. 7. Potential compressive strength [MPa] of clinker at one day predicted from the XRD-profiles in Fig 4. The confidence intervals of each yj shown in figure is ŷi � sðŷiÞ.

Fig. 8. Potential compressive strength [MPa] of clinker at 28 d predicted from the XRD-profiles in Fig 4. The confidence intervals of each yj shown in figure is ŷi � sðŷiÞ.
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28 d, hence the variation in the two strengths predicted from the
mineralogy can be said to be significant.

4.2. Examination of the influence of the mineralogy on the potential
compressive strength of clinker

Including spectral variables directly in the PLS with no prior
quantitative interpretation of the spectra, makes it necessary to
base the sensitivity analysis on the variation of latent variables
or PLS-components. The varying degree of symmetry in the shapes
of the XRD-peaks and the continuity of the XRD-profile should be
taken into consideration in the simulation of the variation of the
x-variables. The fact that the mineralogy of the clinker part in the
cement samples can be classified into three or four main groups,
constrains the free variation of each clinker mineral. The mineral-
ogy of about 30 out of 146 observations differed from the mineral-
ogy of the main groups. To find the latent structure of the variables
xmineralogy, a new model y ¼ ŷ ¼ bTð xmineralogy xsuppl var Þ þ b0 was
evaluated by PLS2. ŷ represent the predicted potential compressive
strengths at 1, 2, 7 and 28 d. Some of the predicted potential com-
pressive strengths at 1 and 28 d are presented in Figs. 7 and 8,
respectively. xmineralogy represents the XRD intensities in the 2h –
ranges 29.88–30.70� and 32.90–34.10� and xsuppl var contains the
supplementary variables, the amounts of Na2O and K2O and the ra-
tio Al2O3/Fe2O3. Fig. 9 shows explained variances in compressive
strength at the different ages versus the number of PLS-compo-
nents included in PLS2. By including predicted values of y, the ex-
plained variance in compressive strength at all ages was, as
expected, close to 100%, in this case by including 5 PLS-
components.

The simulation of the variation of the latent variables were car-
ried out by minimizing and maximizing the potential strength at
the various ages for an optimum combination of the latent vari-
ables, and in other cases the combination of the latent variables
were fixed in advance. Out of the four y-variables included in the
optimisations, one y-variable was selected for minimizing and
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maximizing. The other y-variables were predicted from the values
of the x-variables calculated from the actual combinations of the
latent variables.
Studying the explained variance in each of the four y-variables
versus the number of latent variables included in Fig. 8, most of the
explained variance in the potential compressive strengths at 1, 2
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and 7 d appear to be explained by three latent variables. Explaining
the potential compressive strength at 28 d, the fourth latent vari-
able should be taken into consideration. To be sure that the
absolute optimum was obtained, all five latent variables were in-
cluded in the minimizing and maximizing the strength up to 28 d.

Figs. 10–13a and Fig. 13b show four cases of minimizing and
maximizing potential compressive strength of clinker up to 28 d.
Limits of variation of the intensities and supplementary variables,
xj, unless constrained by the latent variables, were �xj � 1:5 sðxjÞ.
The optimal combination of latent variables (n1, n2, n3, n4, n5) is gi-
ven in each case of optimisation in the respective figures. As a basis
for discussing the influence of the mineralogy on the potential
compressive strength of clinker in the four cases of optimisation,
reflections of the actual minerals in the two selected diffraction an-
gle ranges are presented in Tables 2 and 3.

Maximizing and minimizing the potential compressive strength
of clinker at 28 d (Fig. 10b) by varying the mineralogy as shown in
Fig. 10a give the least change in the strength at one day. The
change in strength will increase gradually up to 28 d. The change
in the strength at 28 d is explained to a large extent by the shift
in the C3S-peak from 30.10� to 30.26�, indicating an increase in
the amount of polymorph M3 and a decrease in the polymorph of
M1 of C3S [6]. M3 has a higher birefringence than M1 and by increas-
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ing M3 the birefringence of alite will increase. Ono [8] has pre-
dicted the 28 d strength to increase with increasing
birefringence. According to Knöfel [3] the 28 d strength increases
with increasing amount of C3S and C3A. In accordance with [1], a
decrease in the amount of C3A (2h = 33.30�) and an increase in
the amount of C4AF contribute to an increase in the strength at
28 d. A change in the structure of the C4AF indicated by a shift in
the peak of the mineral from 33.82� to 33.94� will give an increase
in the compressive strength at all the actual ages, but the highest
increase in the strength occurs at 28 d. A classical example of the
change in the structure of C4AF is the one due to the change in
the A/F ratio which can vary over a wide range due to a solid solu-
tion of A and F with composition C2F as an end-point. In Fig. 10a
and b, the A/F ratio is nearly constant while Na2O decreases and
K2O increases when C3A is decreasing. What impact do K2O or
Na2O have on the structure of C4AF? An increase in the amount
of K2O with a simultaneous decrease in Na2O gives almost no
change in the amount of aphthitalite, K3Na(SO4)2 (2h = 30.38�).
According to Taylor [24], a decrease in the amount of sodium could
change the structure of C3A from orthorhombic to cubic, giving a
shift in the C3A peak (2h = 33.30�) to the right. In the case depicted
in Fig. 10a and b, the C3A peak shifts slightly to the left and broad-
ens a little when increasing Na2O from 0.18% to 0.50%. According to
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Odler and Wonnemann [6] the development of strength is not al-
tered significantly due alkali oxides being incorporated into the
crystalline lattice of clinker minerals.

Maximizing and minimizing potential compressive strength of
clinker at 1 d (Fig. 11a) by varying the mineralogy as shown in
Fig. 11b, give the highest change in the strength at 1 d and no
change in the strength at 28 d. Comparing the change in the micro-
structure described by XRD-profiles with the regression coeffi-
cients, bw, in [1] shows that the increase in compressive strength
at one day can be explained by:

� An increase in the amount of and also the shift in the structure of
C3S.

� An increase in the amount of aphthitalite.
� An increase in the amount of C3A.
� A change in the structure of C4AF indicated by a shift in the peak

to the left.

Lawrence [4] has predicted the strength at 1 d to increase with
increasing C3S but decrease with increasing C3A. The increase in
strength at 1 d with increasing amount of aphtitalite predicted in
this work contradicts what is observed by Odler and Wonnemann
[7]; a decrease in strength with increases in the amounts of Na2SO4

and K2SO4 in cement. The change in the mineralogy described by
the XRD-profile in the 2h – ranges 32.90–34.10� is to a large extent
identical to the difference in the mineralogy between standard
Portland cement and low alkali, sulphate resistant cement [2].
The change in the structure of C4AF by increasing A/F ratio is
evident.

In the case of the optimisation presented in Fig. 12a and b) the
combination of latent variables was fixed in advance to (n1, n2, n3,
n4, n5) = (0, 0, 1, 0, 0). An interesting result is the variation in the
potential compressive strength of clinker at 2 and 7 d while no sig-
nificant change in the potential compressive strengths was found
at 1 and 28 d. The change in strength at 2 and 7 d can only be ex-
plained by a change in the structure of C3S and a decrease of C3A
and C4AF. Aldridge [5] has predicted the strength at 7 d to increase
with increases in both C3S and C3A. The influence of C3A on the
strength at 7 d is higher than influences on strengths at earlier
ages.

In the last case of optimisation (Fig. 13a and b), the amount of
Na2O was kept constant. The optimisation from state A to B gave
significant increase in compressive strength at all the ages, but
highest increase in the strength at 2 and 7 d. The change in the
strength can best be explained by changes in the amount of C3S,
aphthitalite and C3A. Optimisation by keeping the amount of K2O
and A/F ratio constant gave no change in the mineralogy and con-
sequently no change in the compressive strength at any of the ages.
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Table 2
Major phases within the XRD range 2h = 29.88–30.70�.

Phase 2h (�) d (nm) Indices hhkli Intensity (rel)

Alite (M3) 30.04 0.2975 h804i 10
30.09 0.2970 h620i 20

Aphthitalite 30.38 0.2940 h102i 75

Table 3
Major phases within the range 2h = 32.90–34.10�.

Phase 2h (�) d (nm) Indices hhkli Intensity (rel)

Belite, b-C2S 32.98 0.2716 h121i 38

a0- C2S 33.65 0.2663 h260i 100

Cubic C3A 33.26 0.2694 h044i 100

Orthorhombic C3A 33.27 0.2693 h224i 100
33.04 0.2711 h040i 25
32.93 0.2720 h400i 31

C12A7 33.41 0.2680 h420i 100

C4AF 33.84 0.2649 h141i 100
33.64 0.2664 h002i 47

Gypsum 33.35 0.2684 h150i and h220i 50
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Applying experimental design in the build-up of the observation
matrix could reveal to a greater extent the impact of the separate
clinker phases on the compressive strength development.

5. Conclusions

Potential compressive strength of clinker can be predicted from
the mineralogy of clinker on the basis of a statistical model for pre-
diction of compressive strength up to 28 d from the microstructure
of cement.

It has been shown that prediction of potential compressive
strength of clinker up to 28 d from the observed variation in the
mineralogy gave significant variation of the strength at both 1
and 28 d.

Sensitivity analysis based on simulation, optimisation and pre-
diction made it possible to study the influence of the mineralogy
on the strength in more detail.

In minimizing and maximizing the potential compressive
strength at one day, the variables describing the amounts of C3S
and aphthitalite were found to be the most influential.

Change in the structure of C3S indicated by a shift in its XRD-
peak in the selected 2h – ranges influenced the potential compres-
sive strength at 28 d significantly.
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