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Prediction of compressive strength of cement mortars
with fly ash and activated coal gangue
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Abstract: The pozzolanic activity of coal gangue, which is calcining at 500 to 1 000 C, differs distinctly. The

simplex-centroid design with upper and lower bounds of component proportion is adopted to study the

compressive strength of mortars made with ternary blends of cement, activated coal gangue and fly ash. Based

on the results of a minimum of seven design points, three special cubic polynomial models are used to establish

the strength predicating equations at different ages for mortars. Five experimental checkpoints were also

designed to verify the precision of the equations. The most frequent errors of the predicted values are within

3% . A simple and practical way is provided for determining the optimal proportion of two admixtures when

they are used in concrete.
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Coal gangue is a waste residue resulting from the
process of coal mining and coal washing, and it is cur-
rently one of the greatest contribution to industrially
discharged solid waste in our country. Generally, coal
gangue comprehensive discharge capacity makes up
15% to 20% of the output of raw coal. Statistics, ac-
cording to national state economic and trade commis-
sions, show that the annual emission of coal gangue in
our country is near to 10° t!"', which now amounts to
an accumulation of more than 3 x 10° t, covering an ar-
ea of 1200 km’.

Because of varying chemical composition, its
mineral composition is relatively complex. Its major
composition, normally, is silicon and aluminum. Its
main mineral composition consists of clay mineral, fol-
lowed by primary minerals, such as quartz, anorthite,
siderite, pyrite and calcite. Many studies show that the
cementitious property of raw coal gangue is very weak
because this kind of coal gangue has a steady crystal
structure: atoms, ions and members, etc. are put ac-
cording to certain laws by order. Even if its chemical
composition is proper, its pozzolanic activity is low'”,
but coal gangue has certain activities after calcining at
a certain temperature.

The usage of activated coal gangue or fly ash in
concrete can lead to many technical advantages"’.
When the two mineral admixtures are used together,
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better results can always be achieved'”'. In fact, high
performance concrete with the principal characteristics
of strength, dimensional stability, impermeability, and
high workability can also be produced with mineral ad-
ditives. A rational way with better accuracy and a mini-
mum of test mixes should be found to evaluate the
strength effect of the ternary blends.

There are a few ways to study the strength effect
of the ternary blends. The entire simplex-centroid de-
sign used by Douglas et al. is encouraging"'. The com-
plex-centroid design is also used in other fields; for ex-
ample, Standish et al. once used it on porosity calcula-
tions of ternary mixtures of particles.

However, the proportions of cement, activated coal
gangue and fly ash in the ternary blends should have
upper and lower bounds in order to meet the require-
ments for early strength of concrete. Either fly ash or
activated coal gangue, may hydrate only when
Ca(OH),, which is released by cement hydration, ex-
ists. The strength-predicting equation of mortars with
mineral additives by the simplex-centroid design with
upper and lower bounds is established in this paper.

According to Ref. [6], the upper and lower
bounds are as follows: the cement is 40% to 100% ; the
activated coal gangue and the fly ash are O to 40% .

1 Theory

The simplex-lattice design was introduced by
Scheffe in 1958. Based on the simplex-lattice design,
some modified designs have been developed, including
the simplex-centroid design'” .

In the simplex-centroid design, let n be the num-
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ber of components and x; the proportion of the compo-
nents in a mixture, then there are constraints:

x; =0 i=1,2,....n

X +X +x 4. +x, =1 (D

In the simplex-centroid design, 2" — 1 measure-

ments are taken, where n stands for the number of pure
components. A polynomial which has as many coeffi-
cients as the number of measured points in this design
is adopted to regress the relationship between any com-
ponent proportions and the corresponding response:

Y= Y Bx + D Bpxx + D Buxxx +

I<isn Isisjsn Isisjsksn

-+ B XXy X, (2)
If the mixture is composed of three components,
then
Y=B,x, 48X, +B:X; +BiX X, +Bi3X, X5 +
BrXy X3 +Bios X X,X; (3)
For the case of lower bounds, we can transform it
into the entire simplex-centroid design by the pseudo-
components as follows.
Let a, =0 be the lower bound for component i,

n

and let L = 2 a, . Note that a, can be zero for some
I=1

components and L must be less than 1, because other-
wise there would be no region satisfying the con-

i —a;

straints. The pseudo-components x;” = are linear

1-L
transformations of the original components such that
there are no constraints on the pseudo components. All
the techniques for modeling over the entire simplex can
be used with the pseudo-components. Once a design
has been chosen in the pseudo-components, the setting
of the original components can be obtained by

x,=a;+(1 -L)x; 4)
In the ternary blends of mortars, the proportion
bounds of cement, activated coal gangue and fly ash
are 0. 4<x,<1.0,0<x,<0.4,0=<x, <0. 4, respective-
ly. According to the design discussed above, seven de-
sign points are obtained (see Tab. 1). Based on the re-
sults of the seven design points, the compressive
strength equations of mortars made with Portland ce-
ment, activated coal gangue and fly ash blends can be
regressed by special cubic polynomial models.
Tab.1 Seven test points for mortars of ternary blends

Number Xy X X3
1 1.00 0.00 0.00
2 0.90 0.10 0.00
3 0. 80 0.10 0.10
4 0.70 0.30 0.00
5 0.70 0.00 0.30
6 0. 60 0.20 0.20
7 0.50 0.35 0.15

2 Materials and Test

The 52. 5R Portland cement produced by Huaxin
Cement Plant in Hubei Province was used in all the
mortar mixtures. The original coal gangue was obtained
from Xuzhou Coal Mine. The fly ash produced in Shi-
jingshan Power Plant was used. Their chemical compo-
sition characteristics are described in Tab. 2. The XRD
patterns of the mine compositions of cement clinker

and original coal gangue are shown in Fig. 1.
Tab.2 Chemical composition of cementitious materials

Component proportion/ %

Chemical composition
w(cement) w(coal gangue) w(fly ash)

Sio, 21.06 43.97 42.85
ALO, 6. 04 21.72 41.26
Fe, O, 3.63 1.92 4.32

CaO 63.98 0.6 3.89
MgO 2.67 5.02 0. 56

SO; 2.25 0.45 0.16

Density/(g m™?) 3.15 2.43 2.14
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Fig.1 XRD patterns of the mine compositions. (a) Cement
clinker; (b) Xuzhou original coal gangue
Fig.2 shows the particle size accumulative distri-
bution total of cement, activated coal gangue and fly
ash calculated by Opeik laser size analysis.
The mortar specimens were prepared according to
GB/T 17671—1999, which specifies a water to cemen-
titious material ratio of 0. 5 and a sand to cementitious
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Fig.2 Particle size accumulative distribution total of ce-

ment, activated coal gangue and fly ash

material ratio of 3 by weight.
The mortars were cast into 40 mm x40 mm x 160
mm molds, which were stored at (20 +2)C and rela-
tive humidity > 98% . The specimens were demolded
after 24 h and left in the moist curing room until com-
pressive measurement was carried out after 3 or 28 d.
The compressive strength of cement pastes was
tested after adding different thermal activated coal
gangues, calcining at temperatures from 500 to 1 000
C, with a mass fraction of 30% Portland cement. The
component proportions and compressive strengths are
listed in Tab. 3.
Tab.3 Component proportions and compressive strength
of cement mortars with activated coal gangue

Number Calcining Component proportion/% Compressive strength/MPa

temperature/ C w( cement) w( coal gangue) 3d 28d
1 100 0 39.8 64.0
2 500 70 30 16.9 47.0
3 550 70 30 19.7 48.3
4 600 70 30 20.8 50.3
5 650 70 30 21.3 54.0
6 700 70 30 22.7 56.7
7 750 70 30 24.4 58.9
8 800 70 30 27.6 61.6
9 850 70 30 27.1 61.1
10 900 70 30 26.4 59.8
11 950 70 30 23.5 57.2
12 1000 70 30 22.3 56.4

In the ternary blends of mortars, the proportion
bounds of cement, activated coal gangue( activated at
800 C) and fly ash are listed in Tab. 1.

In the simplex-centroid design, the component
proportion and compressive strength of mortars of
blended cement mortars with activated coal gangue
(activated at 800 C) are listed in Tab. 4.

The strength-predicating equations can be estab-
lished by solving three seven-variable linear equa-
tions. The compressive strength at different ages of
any mortar of the ternary blends can be obtained by
putting the component proportions into the corre-

sponding cubic polynomial models.
Tab.4 Component proportions and compressive strength
of mortars with ternary blends

Component proportion/ % Compressive strength/MPa

Number

w(cement)w(activated coal gangue)w(fly ash) 3d 28 d
1 100 0 0 39.8 64.0
2 90 10 0 37.4 63.5
3 80 10 10 31.5 61.7
4 70 30 0 27.6 61.6
5 70 0 30 24.9 60. 8
6 60 20 20 23.0 58.0
7 50 35 15 19.6 52.3
8 0.9 0 10 34.2 59.4
9 80 20 0 34.0 61.3
10 70 15 15 26.5 60.9
11 60 30 10 22.7 57.7
12 50 25 25 20.9 52.1

3 Results and Discussion

From Tab. 3, the results show that the calcining
temperature of coal gangue affects its pozzolanic ac-
tivity. The cementitious properties of coal gangue will
be enhanced along with the increase of calcining tem-
perature, but to some extent, they will be reduced.
The appropriate activated temperature is 800 C to
Xuzhou coal gangue for achieving high pozzolanic ac-
tivity.

To 3 d, the strength-predicating equation is as fol-
lows:

Y =39.8x, -59.2x, —35. 0x; +83. 3x,x, +

35.9x,x, +502. 9x,x, —686. 0x,x,x, (5)

To 28 d, the strength-predicating equation is as
follows:

Y =64.0x, +45.5x, +130. 1x; +15. Ox,x, -

109. 7x,x; —570. 4x,x; +777. 2x,x,x; (6)

From Tab. 4, the results show that the compres-
sive strength at 3 or 28 d of mortars with water to ce-
mentitious material ratio of 0. 5 is almost proportional
to the proportions of the Portland cement. The contri-
bution of activated coal gangue (activated at 800 C)
on the strength of 3 d is larger than that of fly ash.

The strength-predicting equations based on 1 to 7
tests mixes are listed in Eqs. (5) and (6), where x,,
X,, and x; are mass fractions of the Portland cement,
activated coal gangue and fly ash, respectively. On the
basis of the strength-predicating equations, we can cal-
culate the compressive strengths of mortars of ternary
blends with component proportions satisfying specific
bounds. The comparison of the predicted values and
experimental values for the checkpoints numbered 8 to
12 are shown in Tab. 5. It can be also seen that the ac-
curacy of most predicted values is 97% or better.
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Tab.5 Predicted and experimental compressive
strength values of checkpoints MPa
Number Experimental values Predicted values

3d 28 d 3d 28 d

8 34.2 59.4 35.6 60.7

9 34.0 61.3 33.3 62.7

10 26.5 60.9 27.8 60. 1

11 22.7 57.7 23.5 58.2

12 20.9 52.1 21.2 53.7

4 Conclusions

1) The calcining temperature of coal gangue af-
fects its pozzolanic activity and the optimum calcining
temperature of coal gangue used is about 800 C in the
present study.

2) The simplex-centroid design with upper and
lower bounds of component proportions can be used
to study the compressive strengths of blended cement
mortars with activated coal gangue and fly ash. Based
on the results of the minimum of seven design points,
the strength-predicating equations can be established.

3) At different ages the compressive strengths of
mortars of blended cement can be calculated, which
are accurate according to experiment results.
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