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The utilization of ceramic wastes with pozzolanic properties along with other compounds for
obtaining new materials with cementating properties is an alternative for reducing the environ-
mental pollution. The acceptance of these new products in the market demands minimal changes
in mechanical properties according to its utilization. For a variable range of compositional inter-
vals, attempts were made to establish limiting incorporation proportions that assure the achieve-
ment of minimum pre-established mechanical strength values in the final product. In this case
minimum compressive strength value is 3,000 kPa. A simultaneous association of other proper-
ties is also possible.
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1. Introduction

The fly ash from power plants in southern Brazilian,
when discharged, has been a serious cause of degradation
in the natural environment1. Many studies have been made
in order to make good use of this industrial waste, espe-
cially as an additive in cement and concrete2,3. Studies show
that is possible to apply mixture design methods for im-
proving mechanical properties of fly-ash cement and con-
crete4,5. In particular, the methodology of response surfaces,
using a mixture design of a constrained area in a triangular
surface, presented an alternative to develop new pozzolanic
products6. A response surface is used to illustrate some
mathematical function, or to fit a mesh surface through a
scatter of 3D data points7.

The combination of fly ash with lime and water lead to
chemical reactions, which result in a cement formation at
room temperature. The mechanical strength of the final prod-
uct, among other properties, depends basically on the rela-
tive amounts of the three components lime, ash and water.
The acceptance of these new products in the market de-
mands minimal mechanical strength changes according to
its utilization. Therefore, the objective of this paper is to
determine the interval variation of each component that as-

sures that compressive strength value is never lower than
the minimal established value in any resulting mixture.

2. Experimental Procedure

In this work, laboratorial results of an empiric project
were used to build up a triangular surface (as shown in
Figs. 1, 2 and 3) representing a ternary mixture. The whole
extension of experimental area is not used, due to restric-
tions in the proportion limits of the components (upper and
lower limits of each variable)7. Calculations for the math-
ematical model were performed using the software Statistica
(StatSoft, 1999 edition).

Samples were compacted at 1,320 kPa pressure and ac-
cording to the Brazilian norm DNER-DPT M 48-64, in cy-
lindrical moulds (10 cm diameter and 20 cm height). Sam-
ples were further submitted to compression strength tests
after 28 days of cure. The compressive strength of the final
product must be higher than 3,000 kPa.

3. Results and Discussion

The analyzed area was from 7.9% to 25.8% for lime
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Figure 1. Contour plot of compressive strengths (kPa) as a func-
tion of lime, ash, and water contents.

Figure 2. Effective region in which all strength values are higher
than 3,000 kPa.

Figure 3. Effective region representation (internal surface ABC
triangle) expressed as a function of the new internal restrictions
(strength higher than 3,000 kPa).

(X), 44.6% to 67.6% for fly ash (Y) and 18.3% to 40.6%
for water (Z). The restrictive conditions of these intervals
were obtained by matrix calculations, giving the following
equations:

–0.11278X + 0.05205 Y = 0  (1)

0.16042X – 0.02468Y = 0  (2)

–0.00159X + 0.05590Y – 0.07073Z = 0  (3)

–0.00058X – 0.03782Y + 0.11619Z = 0  (4)

where X + Y + Z = 1, as required by the theory of mixture design.

Triangular form representation of compression strength
values measured for 15 ternary mixtures is given in Fig. 1,
as a function of the components contents. The validity of
the regression model of compressive strengths is limited to
the shown quadrangular polygon, which corresponds to stud-
ied lime-ash-water interval.

Fitting Eq. 5 corresponds to the variation of the
compressive strength (s) as a function of pozzolanic mix-
ture proportions, calculated for the original components:

s = 29.0173X – 11.8454Y – 50.6969Z – 19.7564XY +
47.4778XZ + 116.5461YZ (5)

Figure 2 shows the location of compositions having
compressive strength values larger than 3,000 kPa. This re-
gion lies between the black continuous curve (2,995 kPa)
and AB line and will be named as effective region.

Other experimental approach was performed to better
define the effective region. A new mathematical model was
used based on 7 ternary mixtures, and included in the po-
lygonal of that new region. The new analyzed area has the
following location: 20.00% to 23.81% for lime, 46.16% to
51.54% for fly ash, and 26.64% to 32.51% for water. The
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restrictive conditions of those intervals imposed by the soft-
ware, were also obtained by matrix calculation according
to the following equations:

-0.53447859X + 0.24688142Y + 0.00142096Z = 0  (6)

-0.174685436X + 0.697793598Y – 0.124462064Z = 0  (7)

0.3741977187X – 0.2392547813Y + 0.1388652187Z = 0 (8)

The results of compression strength tests are presented
in Fig. 3, as a function of 7 ternary proportions formed by
ABC triangle.

The equation given below corresponds to the
compressive strength (s*) in the effective region, expressed
as a function of the percentages of the pozzolanic mixtures,
and calculated by quadratic regression.

s* = - 60,40X + 4,64Y - 8,25Z + 98,23XY +
145,31XZ - 21,49YZ  (9)

By analysing Fig. 3 and Eq. 9, it is possible to predict
the compositional range that assure minimal mechanical
strength changes imposed by the mixtures.

4. Conclusion

Mixtures of lime, fly ash and water were found suitable
for the production of pozzolanic materials exhibiting high
compressive strengths, which can be used in many applica-

tions in civil engineering. This is an interesting alternative
of using a potentially harmful waste.

Mixture design procedures might constitute interesting
approaches to plan and predict the behavior of cementitious
materials as a function of the composition. In this work, an
effective region was defined in which the amount of each
component is established to assure that compressive strength
of final product is always higher than a required value.
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