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Abstract

The present paper deals with an overall interpretation of information regarding the behaviour of binders free of Portland cement,
containing slag with or without fly ash, activated by sodium and calcium compounds. The information was obtained from exper-
iments regarding the chemically bound water and mechanical strength determination, together with pH measurement, thermal anal-
ysis and X-ray diffraction (XRD). The results emphasize the possibility of obtaining alkali-activated binders incorporating slag and
with or without fly ash and which have mechanical properties equivalent to normal Portland cement. The binder systems, especially
those adequately activated and showing enhanced performance, can incorporate up to 40% fly ash without any major influence upon

binder quality.

Quantitative correlations between chemically bound water and mechanical strength of the hardened binder and the decisive fac-
tors of influence (e.g. composition and finesses of binders) are reported.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few decades particular attention has been
paid to activated silicate binders with low or zero Port-
land cement content [1-8]. The extended usage of these
binders is motivated by a number of considerations re-
lated to energy savings, economy and ecology. Experi-
mental data and fundamental scientific arguments also
clearly support the wide usage of these binders, espe-
cially the alkali activated slag cements [3,4,7-22]. At
the same time, the direct usage of pozzolans as cement
replacement materials has significantly contributed to
eco-friendly durable construction materials [23-26].

However, much more research is urgently needed to
effect these findings in the production of concrete on
an industrial scale. In this respect, strong research effort
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is needed in order to obtain deeper and more systematic
information on the inter-relationship of key variables on
material and structural performance, with special atten-
tion to the intrinsic factors that control the nature and
proportion of the components of the binder system. This
is the objective of the current paper, which is based upon
results that the authors have reported in the literature in
the last few years [13,16,17] and those that are currently
being investigated.

2. Experimental work

In the current work, 3 types of blast-furnace slag and
2 types of thermal power plant fly ash (all being Roma-
nian industrial by-products) were used to prepare
cementitious-pozzolana mixtures of slag and fly ash.
The chemical analysis of the slags and fly ashes used
in the studies is presented in Table 1. All the slags were
basic. Two slags were equally basic (SG I, and SG 1),
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Table 1
Composition of used slags and fly ashes

Oxide composition (%) Cementitious material or pozzolana

Slag SG 1, Slag SG 1, Slag SG 11 Fly ash ACT 1 Fly ash ACT 11
SiO, 34.72 36.88 38.85 52.72 54.86
CaO 44.56 45.02 41.88 9.79 4.52
MgO 4.47 3.26 2.71 2.51 2.62
Al,O3 11.00 7.41 12.08 19.00 21.16
Fe,04 0.80 1.07 1.37 8.84 8.22
Na,O 0.70 0.99 0.18 0.72 0.80
K,0 0.65 0.97 0.42 2.27 2.54
TiO, 0.48 0.62 - 0.6 1.19
MnO 0.66 0.84 0.65 - -
SO; 0.08 0.26 0.18 1.37 1.62
Ss 0.87 1.49 0.81 0.04 0.04
St 1.01 1.09 0.87 0.54 0.61
L.O.L - - - 1.60 1.82
SG 1, containing more Al;O3 than SG I, but the same 2_15‘°\czs
amounts of CaO and SiO,. The third one was less basic ’ 2.52R.CS
- ’

(SG 1I).

The fly ashes differed from each other in their compo-
sition, particularly in their CaO content: ACT I had
higher CaO content and ACT II lower CaO content,
although both can be classified as ASTM—Class F fly
ash.

The position of slags within the quaternary system
Ca0O-MgO-Al,03-Si0,, corresponding to the projec-
tion on the section plan with 5% MgO content (Fig. 1),
shows that SG I slag belongs to the subsystem melli-
lite-C,S—C3S while SG 1II belongs to subsystem melilite-
CS-CsS,. This is in agreement with X-ray diffraction
data obtained (Fig. 2), even though the solidification of
slags is accomplished in non-equilibrium conditions
and in non-equivalent industrial conditions (granulated
industrial blast-furnace slags).

The powder mixtures of cementitious material
(slag)—pozzolana (fly ash) were prepared for different
pozzolana content, ranging between 0% and 60%. The
mixtures were ground up to a specific surface of 350—
400m?*/kg; at the same time some selected mixtures were
prepared with higher specific surfaces up to 500m?/kg in

Fig. 1. The domain of slags within the quaternary system SiO,~Al,O;—
CaO-MgO (in section plan of 5% MgO content).

275A,C55,

2.82A,mellilite
2.95R,CS

(@) (b)
Fig. 2. XRD patterns of slag SG 1, (a) and SG II (b), respectively.

order to emphasize the influence of this parameter on
the hardening behaviour of the binder systems.

The activators of the cementitious material—pozzol-
ana mixtures were the following: quicklime (>90% ac-
tive CaO) together with calcium chloride or alkaline
salts (Na,COs3, Na,SO,, Na,Al,O4) as well as mixtures
of sodium carbonate and sodium sulphate or calcium
chloride and sodium sulphate. The quicklime was used
in a proportion of 2-6% and calcium and sodium salts
in a proportion of 2-7% (by mass of the powder
mixture).

The hardening behaviour of the binder systems was
monitored both from chemical and mechanical points
of view. For this purpose, determinations of chemi-
cally bound water and mechanical strength were
carried out.

Chemically bound water was determined on cement
pastes (water/cement ratio = 0.5). The pastes were cured
for 1, 3, 7 and 28 days, at room temperature, in closed
space at 100% relative humidity. The cured samples were
ground, dried for 2h at 100 °C up to constant mass. The
dried samples were then heat treated at 1000°C for 2h,
again up to constant mass. It is through that the method
of preparation and curing conditions were such that the



652

contamination of samples with CO, is negligible. The
proportion of chemically bound water is calculated
according to Butt-Taylor method, as:
=™ 100

m

A =

where m is the weight of samples after drying and m,
the weight of the same samples after heat treatment at
1000°C.

Mechanical strength was determined on mortar
microspecimens (20 x 20 x 20mm) with binder/sand =
1/3 and water/binder = 0.5 ratios. The microsamples
were compacted by vibration and cured, up to the age
of testing, in a closed tank with 100% relative humidity.
Relative mechanical strength values were determined:
%Ry = (Ri/Rp,) - 100, where R; represents the strength
of samples cured for several periods of time and R,
the strength of the reference Portland cement CEM 1
32.5R according to the European standards UNE-EN
197-1:2002 SR (prepared and hardened for 28 days, in
similar conditions).

In order to obtain additional information in certain
cases, concerning the evolution of hardening of the bin-
der systems, pH measurements and thermal analysis
were carried out. pH measurements were performed
with a pH—conductometer JENWAY 3405 Electro-
chemical Analyser on water suspensions characterized
by a water/solid ratio = 10/1. DTA and TG tests were
performed on hardened samples (pastes) cured under

Table 2
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the same conditions and ages as for the specimens pre-
pared for chemically bound water determinations. A
MOM Q-1500 thermal analyser (Hungary) was em-
ployed with a heating rate of 10°C/min.

The information was statistically processed on sets of
specimens, with respect to dependence on major influ-
encing factors—compositional and dispersive (including
the specific surface). Some selected values obtained for
chemically bound water were also correlated with the
hardening time. The series of tests carried out made pos-
sible the establishment of comparative interrelations of
hardening behaviour of cementitious material—pozzol-
ana—activator binder systems, over a significant com-
position range.

3. Results
3.1. Chemical behaviour of binder systems

Chemical behaviour of cementitious material—pozzol-
ana—activator binder systems has been assessed mainly
through the proportion of chemically bound water
(A4,) at different ages. The results obtained on pastes pre-
pared from mixtures of slag SG I,—fly ash ACT II or
slag SG I,—fly ash ACT I with various activating admix-
tures are shown in Tables 2 and 3, respectively. For
comparison purposes, Table 4 presents results on some

Chemically bound water for samples prepared with slag SG I, fly ash ACT II and activating mixture”

Slag/Fly ash mixture  Age (days)  Chemical bound water (%), for samples activated with
5%Na,S0O4 and 5%Na,»S0O4 + 2%CaCl, and 2%CaCl, and 2%Na,Al,O4
(3-6%) lime (3-6%) lime (3-6%) lime and 5% lime
3% 4% 5% 6% 3% 4% 5% 6% 3% 4% 5% 6%
100/0 1 269 272 277 280 320 343 3.68 386 357 372 403 397
3 457 469 481 495 495 565 589 621 678 6.87 693 721
7 482 473 499 564 610 644 682 7.07 807 810 827 857
14 547 594 612 660 =nd 762 778 nd 854 859 876 9.27
28 627 640 6.85 730 852 859 865 874 920 936 947 9.52
90/10 1 260 264 270 275 3.17 335 341 351 349 368 382 396
3 3.82 395 405 448 487 517 542 567 638 645 6.68 7.12
7 460 468 481 557 584 598 670 7.01 8.02 808 813 850
14 541 581 597 649 734 758 773 780 859 8.69 887 9.16
28 593 627 6.66 7.08 824 839 843 852 9.00 9.18 935 946
70/30 1 235 240 246 254 314 319 327 333 345 338 372 395 349
3 nd. nd. nd nd 482 513 538 562 618 629 658 674 5.8l
7 438 451 481 554 577 589 631 6.64 773 795 803 839 6.67
14 498 567 578 628 nd. 7.00 742 7.54 833 833 871 885 nd
28 537 6.13 631 695 765 795 829 849 846 898 929 933 8.6l
50/50 1 233 228 232 239 3.06 3.07 310 318 3.02 330 340 3.66
3 340 3.62 383 421 477 492 502 537 584 624 633 645
7 418 442 459 532 558 578 6.08 651 698 770 786 794
14 495 541 560 634 680 693 7.2 742 nd. 814 870 8.80
28 528 6.00 6.12 689 764 781 799 812 786 894 9.00 9.26

" The slag-fly ash mixture had a Blaine specific surface area of ~400m*/kg.
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Table 3

Chemically bound water for samples prepared with slag SG I, fly ash ACT I and activating mixture

Slag (s)/Fly ash (fa) mixture Age (days)

Chemical bound water (%), for binding systems

Weight ratio s/fa  Specific surface (m?*/kg) un-activated

activated with

3%lime + 3%)N32CO3

3%lime + 3%Na,SO,  3%lime + 1.5%Na,CO;

+ 15%N3.2504

100:0 ~350 1 4.49 5.60 5.30
3 - 6.08 7.21 6.80
7 - 7.22 8.10 7.85
14 7.10 8.26 9.15 8.75
28 9.21 10.15 11.60 10.50
60:40 ~350 1 - 3.85 5.10 4.00
3 - 4.30 6.00 5.60
7 - 5.70 6.80 6.10
14 - 6.10 8.10 7.00
28 - 7.25 10.25 9.70
Table 4

Comparative results regarding chemically bound water for samples prepared with slag SG 1, slag SG II respectively, and fly ash ACT I, activated

with a mixture of lime and Na,Al,O4

Cementitious material—pozzolana systems Activating mixture

Chemical bound water (%) after

Observation

1 day

3 days 7 days 28 days

70% slag SG 1, + 30% fly ash 2% NarAl,O4 + 5% lime
70% slag SG 1II + 30% fly ash 2% Na,Al,O4 + 5% lime
Slag SG 1, -

Slag SG 11 2% Na,Al,O4 + 5% lime

3.49 5.81 6.67 8.61
2.98 3.30 3.59 3.90
0.034
227 2.46 2.69 2.90

The specific surface of cementitious
material—fly ash mixture
was ~400m?/kg

0.785 0901  6.17

samples in which the slag component belongs to differ-
ent phase equilibrium subsystems—SG 1, and SG 1I,
respectively.

The statistical processing of the results has been per-
formed on sets of samples prepared with the same type
of slag, fly ash and activator, with the same specific sur-
face of slag—fly ash mixture and maintaining the pro-
portion of activating salts constant. Polynomial
relationships regarding the dependence of chemically
bound water (4;) on the selected influencing factors,
were used; high correlation coefficients (> > 0.964)
were obtained using the following mathematical
relationship:

_a+bx+cx2+dx3+ey+fy2+gy3

A ) . B
L+ hx+ix”+jy+ky

(1)

where x is the slag/fly ash weight ratio, y the lime con-
tent and a, b,...j, k—regression coefficients.

For the set of samples based on a mixture of slag SG
I, and fly ash ACT II with a specific surface of 400 m?*/
kg, activated with lime and Na,SO,4, Na,SO,4 and CaCl,,
or only CaCl,, the results are shown in Figs. 3-5,
respectively.

The results obtained on the sets of samples prepared
with slag SG I, and fly ash ACT I are described by sim-
ilar mathematical equations (1) using as independent
variables the slag/fly ash ratio and hardening time. Thus
the kinetics of the chemical process is indicated based

z=(a+bx+ O dy+ey?s i?)/ (1+ g s s iveiv)
1%0.99590023 DF Adjr*=0.90772468 FitStdEr=0.050116905 Fstat=162.2309
2=6.4565326 b=0.0085495249 c=0.013705646 d=-13.737735 e=9.5200419
f=2.161778 9=-0.00071221245 h=-2.1242265 i=1.4683957 j=0.33316565

=
i

L
n

Chemically bound water (%)

xn
tn

Chemically bound water (%)
w

Fig. 3. Statistical processing according to Eq. (1) of the chemical
bound water for binding systems prepared with slag SG I,fly ash
ACT II (~400 mzlkg) and activating mixture of lime and Na,SO, (5%),
after 28 days of curing.

upon the compositional parameters of the system. In
the case of these sets, Fig. 6 shows the results obtained
for two activating mixtures: 3%Na,CO; and (1.5%
Na,COj3 + 1.5%Na,S0O,4) with the lime proportion kept
unchanged at 3%. The specific surface of the cementi-
tious material—pozzolana mixture is 350 m*/kg.
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z=(a+bx+cx?+dx® vey+fif) (1+gx+hxZ+iy+jy?)
r2=0.99333891 DF Adj r2=0.98001674 FitStdErr=0.0455998 Fstat=99.417091
@=6.6292964 b=-16.989339 ¢c=8.5762067 d=4.6087448 e=0.019505082
1=-0.0080500042 g=-2.35187 h=2.194556 i=-0,0021455525 j=-0.00071189562
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Fig. 4. Statistical processing according to Eq. (1) of the chemical
bound water for binding systems prepared with slag SG 1,fly ash
ACT II (~400m%*kg) and activating mixture of lime and
(5%NayS04 + 2%CaCl,), after 28 days of curing.

z=(a+bscx+dy+ey2 iy i1 +gu+hy)
r220.9648(872 [F Adj -2=0.924590°2 FitStdErr=0.10862196 Fstat=31.332724
2=9 458216 b=-4.0335171 0=-0 75732696 d=-2 5245629
e=-0.02700114 =0.00C01 1412005 g=-0.40104504 h=-0.01447£04

o -
i3 =

L]

=
in

[--]
Chemically bound water (%)
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Fig. 5. Statistical processing according to Eq. (1) of the chemical
bound water for binding systems prepared with slag SG I,fly ash
ACT 1II (~400m?*/kg) and activating mixture of lime and CaCl, (2%),
after 28 days of curing.

For all sets, the corresponding statistical regression
coefficients from Eq. (1) related to the chemically bound
water are given in Table 5.

From the experimental data, the significant role of
the nature of the cementitious material (slag)—mainly
composed of CaO, MgO, Al,O5 and SiO, is emphasized,
as one can see from Tables 2-4 and these are correlated
with the information in Figs. 1 and 2. This specific role is
determined by the phase composition of the slags, and
their position within a certain subsystem of the CaO—
MgO-Al,05-Si0, system as well as its “thermal his-

2=(ashx+oy+dy’+ey’)/(1+fx+gy+hy?)
r2=0.99446074 DF Adj 12=0.95014662 FitStdErr=0.30742629 Fstal=51.234112
=3.1866196 b=-2.1024772 c=0.34466627 d=0.016339254
e=0.0002899641 =-0.71568251 g=0.014003291 h=-0.00033395069

- -
2 -

Chemically bound water (%)

—_—
%)
—

7={a+hx+cy)/(1+dx+ey+i)
r2=0.97528957 DF Adj r2=0.9258687 FitStdErr=0.48303425 Fstat=31.574989
a=4.1975105 b=-3.9988399 c=0.52064151
d=-0.92750374 =0.068181135 r=-0.00078386555

s =
Chemically bound water (%)

Chemically bound water (%)

& th & =~ & v

{b)

Fig. 6. Statistical processing according to Eq. (1) of the chemical
bound water for binding systems prepared with slag SG I,—fly ash
ACT I (~350m?/kg) and activating mixture of (a) lime and Na,CO;
(3%) and (b) lime and (1,5% Na,CO; + 1,5% Na,S0O,), after 28 days
of curing.

tory”. All these factors are conditioning the nature
and the ratio between crystalline and vitreous phases
as reported in previous papers [1,2,5,8].

For the studied slags, the following activity scale with
respect to reactivity with water was established:

SGI,>SGI,>>SG1I

The experimental data obtained when using the same
slag to prepare the activated silicate binder also empha-
size a scale for the activating effect of activator mixture
depending on the nature of alkaline/alkaline earth
salts—for a constant CaO content:

Na,CO; < (Na2804 + N32CO3) < Na,SO, (Table 4)
Na,S04 < (Na,SO4 + CaCly) < CaCl, (Table 2)
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Table 5

The regression coefficients for different binding systems, according to Eq. (1)

Regression coefficients Values of regression coefficients for

binder mixture prepared with

Slag SG 1,- fly ash ACT 11, with a specific surface of
400m?/kg, activated with lime associated with

Slag SG I,fly ash ACT II, with a specific surface of
350m%kg, activated with lime associated with

5%Na,SOs 5%Na,S04 + 2%CaCl, 2%CaCl, 3%Na,CO; 1.5%NasS04 + 1.5%Na,CO5
a 6.457 6.629 9.458 3.189 4.198
b 0.009 —16.989 —4.034 —2.182 —3.999
c —0.014 8.576 —0.758 0 0
d 0 4.609 0 0 0
e —13.738 0.020 —2.825 0.345 0.521
f 9.520 —0.008 —0.028 —0.016 0.000
g —2.167 0 0.001 0 0
h —0.001 —2.852 —0.492 —0.716 —0.928
i —2.124 2.195 0 0 0
j 1.468 —0.002 —0.314 0.014 0.068
k —0.333 —0.001 0 0 —0.001

The effects are conditioned by the nature of compo-
nents—especially the cementitious materials and activat-
ing salts but are, also, influenced by the components
proportion, including the proportion of pozzolana (fly
ash) and activating lime. These dependences are mutu-
ally correlated, so they are complex, as suggested by
the mathematical relations of type (1)—applied particu-
larly for the chemically bound water, corresponding to
each set of samples.

pH measurements of suspensions with slags and mix-
tures of slag—fly ash—activator, respectively, stress
the conclusions drawn from interpretation of the results
concerning the proportion of chemically bound water
(Table 4). In this way, the decisive role of the nature
of slag from cementitious material—pozzolana mixture
is confirmed. The pH measurements performed on sus-
pensions with a water:solid ratio = 10:1, when using
slags SG I, and SG II (with or without fly ash ACT
IT) as given in Table 6, are relevant from this point of
view. The role of the activator on modifying the pH con-
dition—even when substituting 30% of slag with fly ash
is substantial in the case of binder mixtures prepared
with slag SG I,. The induction period for hydration
and pozzolana—type reactions is therefore shortened
with more rapid subsequent evolutions.

The thermal analysis performed on mixtures (SG
I,+ ACT 1I) and (SG II + ACT II), activated with 3%
Na,Al,O4 and 6% lime, also confirms previous conclu-

Table 6
Comparative results of pH measurements

sions about the role of the slag component. The weight
loss, obviously lower in the case of binder with SG 11
hardened for 28 days, suggests its slower chemical trans-
formation, i.e. a lower content of hardening hydrocom-
pounds. Taking into account the data given in Table 2, it
follows that the use of Na,Al,O,4 and lime as activator
leads to almost similar values of the chemically bound
water as in the case of CaCl, with lime. In these condi-
tions, the decrease of the amount of chemically bound
water when decreasing the proportion of slag from 90%
to 70% in the silicate binder is not greater than 2-3%.
Consequently, the weight loss detected in Fig. 7(a) will
not be lower than 2-3%. The total weight loss of specimen
prepared with SG 1, slag and ACT II fly ash is still some
45% higher than the weight loss determined for specimen
prepared with SGII slag and ACTII fly ash (Fig. 7(b)).

So, for the samples prepared with SGI, slag (Fig. 7(a))
one can see a more important total weight loss accompa-
nied by a different distribution in the temperature range,
namely in two major regions, under and above 600°C.
In this case, under 600 °C more important weight losses
can be seen (assigned to gelic water together with water
resulting from decomposition of Ca(OH), and partially
from the chemically bound water in hydrosilicates and
aluminates. The remaining water is released above
600° when decomposing the formed hydrocompounds
(hydrosilicates, particularly), i.e. the endothermic peak
is around 720-740°C.

Suspension composition Activator pH values for different time (hours)

1h 2h 3h 7h 12h 24h 72h
70% slag SG 1, + 30% fly ash ACT II 2%Na,AlL,O4 + 5% lime 10.2 - 10.2 - - 9.2 8.8
70% slag SG 1II + 30% fly ash ACT II 2%NayAl,04 + 5% lime 9.3 9.1 8.9 8.8 8.8 8.7 -
Slag SG 1, - 8.8 - 9.0 - - 8.8 8.6
Slag SG 11 - 8.9 8.7 8.6 8.2 8.2 8.0 -
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DTA
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Fig. 7. DTA and TG patterns for samples activated with 3% Na,Al,O4 and 6% lime, preserved for 28 days and prepared from: (a) 90% slag SG I,

and 10% fly ash ACT II; (b) 70% slag SG 1I and 30% fly ash ACT II.

On the contrary, in Fig. 7b a reverse image appears.
The endothermic effect from 720-740°C is obviously lar-
ger; in Fig. 7(a) an exothermic effect is noticed at §90°C,
assigned to a crystallisation process that accompanies
the decomposition of the low basicity CSH hydrosili-
cates [8,27-31].

Such behaviour is plausible for the activated silicate
binder. The low basicity character of the detected
CSH hydrosilicates assumes a high condensation de-
gree of the hardening structures that induces higher
mechanical strength. This conclusion is confirmed by
the results of the mechanical strength tests that are
presented below.

Table 7

3.2. Mechanical behaviour of hardened binder systems

The mechanical behaviour of the studied binder sys-
tems is considered, as already mentioned, through the
relative mechanical strength (R,.), as defined earlier. Ta-
bles 7 and 8 present the values of the relative mechanical
strength for mixtures of cementitious materials (slag)—
pozzolana (fly ash) having a Blaine specific surface of
350m?*kg when using slag SG I, and fly ash ACT I,
and 400 m*/kg when using slag SG I, and fly ash ACT II.

The statistical processing of the results regarding the
mechanical strength of the set of hardened samples, pre-
pared as mixtures of SGI, slag and ACT I fly ash, has

Relative mechanical strength of samples prepared with slag SG I,—fly ash ACT I (with a specific surface of 350m*kg) and activating mixture of lime

and (Na,SO4 + Na,CO3)

Activator-alkaline salt Slag/fly ash Curing Relative mechanical strength (%), for activation with
weight ratio time (days) 2% lime 3% lime 5% lime
and mixed salt activator
3% 5% 7% 3% 5% 7% 3% 5% 7%

Na,C0O3:Na,SO, = 1:1 100/0 3 4.7 7.0 10.8 8.4 11.0 22.6 30.9 41.4 47.2
7 8.7 n.d. 17.1 20.8 25.5 28.5 51.9 53.5 55.4
14 222 27.1 31.6 33.7 38.5 42.8 57.7 60.8 64.7
28 33.7 39.7 42.3 40.9 423 49.0 68.4 69.9 76.6
80/20 3 4.4 6.1 10.3 6.6 10.0 18.4 24.5 34.6 41.6
7 8.6 13.6 17.3 17.1 20.8 23.8 439 45.3 51.1
14 21.2 29.5 29.9 27.4 31.5 36.4 48.4 53.7 57.7
28 31.0 39.3 41.1 33.6 34.5 435 57.0 60.3 62.6
60/40 3 4.0 5.9 9.1 7.0 10.5 16.1 35.0 35.5 332
7 7.3 14.5 15.7 15.2 17.1 20.8 38.3 42.8 46.8
14 19.2 24.5 25.9 24.5 27.3 29.7 45.1 48.1 55.2
28 27.3 35.0 36.7 29.7 31.5 36.7 54.0 55.6 57.3
40/60 3 3.7 4.8 8.4 5.1 79 11.9 18.5 27.3 313
7 7.3 10.0 13.3 12.8 15.7 19.2 332 34.6 38.8
14 15.7 21.5 22.0 20.6 23.6 27.1 37.1 40.9 42.8
28 233 30.6 313 25.5 26.2 33.2 437 46.3 47.9
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Table 8

Relative mechanical strength of samples prepared with slag SG 1, and fly ash ACT II (with specific surface of ~400m?/kg), activated with lime and

sodium and/or calcium salts

657

Slag—fly ash weight ratio Age Relative mechanical strength (%), for activation with
(days)  50,Na,S0, and 5%Na,SO, +2%CaCl, and  2%CaCl, and 2%Na,ALO,
3-6%lime 3-6%lime 3-6%lime and 5%lime
3% 4% 5% 6% 3% 4% 5% 6% 3% 4% 5% 6%
100/0 3 n.d. n.d. n.d. 2490 17.40 20.80 22.80 23.80 1540 21.30 22.80 30.80
7 28.20 30.80 32.80 37.95 40.20 40.30 44.10 46.40 5490 59.00 61.50 67.90
14 41.80 45.00 49.00 52.80 60.50 66.20 69.20 7520 75.10 80.00 83.80 87.40
28 45.10 4795 52.05 57.20 6820 72.60 7540 78.70 82.80 85.50 87.40 95.10
90/10 3 n.d. n.d. n.d. 22.80 1490 20.50 n.d. 2440 14.10 20.25 24.10 28.20
7 25.65 29.50 31.00 3540 36.20 37.20 41.50 43.60 47.40 52.60 58.50 61.50
14 37.20 42.80 44.60 48.50 56.20 60.80 64.20 70.30 74.10 77.95 80.50 85.60
28 41.00 4490 48.20 51.30 63.80 67.40 71.80 74.60 79.70 82.80 84.40 91.80
70/30 3 n.d. n.d. n.d. n.d. 14.10 n.d. n.d. n.d. n.d. 16.20 n.d. 26.20 n.d.
7 23.10 28.20 29.50 34.10 32.05 33.30 36.60 38.20 41.00 48.70 51.30 55.10 38.50
14 33.30 3795 40.80 4540 52.05 56.20 61.00 1690 69.50 75.60 76.90 82.60 67.20
28 36.90 42.05 44.10 4850 60.50 63.80 66.20 70.50 75.60 78.70 82.80 86.70 71.80
50/50 3 n.d. n.d. n.d. 20.50 n.d. 15.10 18.50 20.50 n.d. n.d. 20.50 25.10
7 2230 2690 27.70 30.50 30.50 31.50 33.10 34.60 38.50 44.40 4540 47.40
14 29.50 33.30 3540 40.00 49.70 51.30 53.80 58.50 65.10 68.50 73.10 78.20
28 32.05 3590 38.70 43.60 56.60 60.00 62.90 67.20 72.10 76.40 78.20 82.80

z=(a+hx+cx®+dy+ey’)/(1+fx+gy+hy)
r2=0.98855012 DF Adjr2=0.9580171 FitStdErr=2.3441649 Fstat=49.335511
2=36.469031 b=5.25207%8 c=-1.6988248 d=-20.769895
£=3.1867275 1=-0.23361974 g=-0.44355014 h=0.063694493
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Fig. 8. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,-fly ash ACT I
(~350m2/kg) and activating mixture of lime and (2,5% Na,SO,4+
2,5% Na,CO3), after 28 days of curing.

been done considering different specific surface, e.g.
350m?*/kg, 420m?/kg and 500m> /kg as shown in Figs.
8-10. Also, the results were statistically processed with
respect to mechanical strength for the samples prepared
with mixtures of slag SG I, and fly ash ACT II having
specific surface ~400m?*/kg (Figs. 11-13).

The mathematical form adequate from statistical
processing of data obeys a similar formula as Eq. (1).
The plots in Figs. 8-13, using the same independent var-

=(a+hx+cx?+di®+ey+i?)(1+gx+hy)
r2=0.98768767 DF Adj r2=0.95485478 FitStdErr=2.2195489 Fstat=45.839643
=50.938899 b=-116.12713 c=149.44354 d=-87.643811
€=7.6298314 /=-0.42157062 g=-0.9176794 h=0.035064258
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Fig. 9. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,-fly ash ACT I
(~420m2/kg) and activating mixture of lime and (2,5% Na,SO,4 +
2,5% Na,CO3), after 28 days of curing.

iables (i.e. the slag/(slag + fly ash) weight ratio and lime
content), and dependent variable (the relative mechani-
cal strength (R.)) were derived by fitting the data to
the equation below

_atbx+ox’ +d +ey+ it +g°
1+ hx +ix® + i + ky + Iy> + my?’

where the notations of the parameters on the right side
of the Eq. (2) are similar to those given in Eq. (1).

2)

rel
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z=(a+hx+cxZ+ dy+ey?)/(1+fx+gx2+ hy+iy*+jy°)
r2=1 DF Adjré=1 FitStdErr=11211495e-13 Fstet=-8.4129145e+27
a=58.180277 b=-119.69455 ¢=76.31931 d=6.4483657 e=1.6220083
=-1.7061596 g=1.0579334 h=-0.25451041 i=0.876432946 j=-0.0060511503

Relative mechanical strength (%), Rrel
Relative mechanical strength (%), Rre|

Fig. 10. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,—fly ash ACT I
(~500m?*kg) and activating mixture of lime and (2.5% Na,SO, +
2.5% Na,CO3), after 28 days of curing.

z={a+bx+cyrdyZrey)/(1+fx gxZ+hx+iy)
r2=0,99298584 DF Adj r2=0.98246461 FitStdErr=0.80445359 Fstat=1238727
2=-3.6403765 b=2.464618 ¢=7.2923888 d=-1.4136214 e-0.10950218
£=-2.9867222 g=3.950128 h=-1.7443501 i=0.0088303365

=2

Relative mechanical strength (%), Rre|

Relative mechanical strength (%), Rrel
8 & 8 & 8 &

Fig. 11. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,—fly ash ACT 1
(~400m?/kg) and activating mixture of lime and Na,SO, (5%), after 28
days of curing.

The values of the regression coefficients from Eq. (2),
for all sets of samples are given for comparison, in Table
9. The corresponding correlation coefficients have high
values within the range 0.977 < > < 1.

The development of strength during hardening of the
binder systems is a consequence of the chemical behav-
iour of the binder and of the evolution of chemical
transformations within these systems. These emphasize
similar influence on the development of hardening

z=(a+bx+cy+dy?+ey®)/(1+fx+ g%+ hx® +iy+jy?)
r2=0,9965849 DF Adj ri=0.98375471 FitStdErr=0.56862338 Fstat=194.54493
2=34.841979 b=-5.6900471 c=-4.5103414 d=-D.16901618 £=0.14483323
=0.9838567 g=1.1481115 h=-0.53345378 i=-0.20134435 j-0.025045767

-~
(L]

Relative mechanical strength (%), Rre|

Relative mechanical strength (%), Rre|

Fig. 12. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,—fly ash ACT I
(~400m?/kg) and activating mixture of lime and (5% Na,SO, + 2%
CacCl,), after 28 days of curing.

z=(a+bx+cx?+dx®+ey)/(1+fx+gy+hyZ+iv®)
r2=0,97734132 DF Adj r2=D,9433533 FitStdErr=13136657 Fstat=37.741545
a=24.059944 b=5.0252227 ¢=-56.174031 d=20.240863 e=3.0784396
=-0.76896368 g=-0.20472656 h=0.074976857 i=-0.0060506422

2 8

-~
o

3
Relative mechanical strength (%), Rre|

Relative mechanical strength (%), Rrel
8

Fig. 13. Statistical processing according to Eq. (2) of the mechanical
strength for binding systems prepared with slag SG I,—fly ash ACT II
(~400m*kg) and activating mixture of lime and CaCl, (2%), after 28
days of curing.

strength structures, with respect to their intrinsic param-
eters. In this context, the samples prepared with slag SG
II, appear to be less active—as determined from the
study of chemical behaviour (A; and pH associated with
thermal analysis—Table 4, 6, and Fig. 7)—and these do
not develop significant strength even after 28 days cur-
ing, thus suggesting the decisive role of the nature of
the slag used upon the hardening behaviour of the acti-
vated cementitious material—pozzolana systems.
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Table 9
The regression coefficients for different binding systems, according to Eq. (2)

Values of regression coefficients for binding mixture prepared with

Slag SG I,fly ash ACT II, with a specific Slag SG I,-fly ash ACT II, with a specific surface of
surfac.e of 4QO mz/kg, activated with lime 350 m¥k ¢ 420m2/k o 500m¥k ¢
associated with

Regression coefficients

5%Na,SOs 5%Na,SOy4 2%CaCl, Activated lime Activated lime Activated lime
+ 2%CacCl, + (2.5%Na,S0y4 + (2.5% Na,SOy4 + (2.5%NaSOy4
+ 2.5%Na,CO3) + 2.5%Na,CO3) + 2.5%Na,CO3)
a —3.640 34.842 24.060 36.469 50.939 58.180
b 2.465 —5.690 —5.025 5.252 —116.127 —119.695
c 0 0 —56.174 —7.699 149.449 76.319
d 0 0 20.241 0 —87.644 0
e 7.292 —4.810 9.079 —20.770 7.530 —6.448
f —1.414 —0.169 0 3.187 —0.422 1.662
g 0.110 0.145 0 0 0 0
h —2.989 0.984 0.769 —0.234 —0.918 —1.706
i 3.950 1.148 0 0 0 1.058
j —1.744 —0.533 0 0 0 0
k 0.009 —0.201 —0.205 —0.444 0.035 —0.255
1 0 0.025 —0.075 0.064 0 0.076
m 0 0 —0.006 0 0 —0.006

4. Conclusions

The following conclusion can be drawn from the cur-
rent study:

e [t is possible to produce cementitious binders com-
prising slag, fly ash and activator, which develop
equivalent mechanical strength to that of an ordinary
Portland cement.

e The hardening properties of the resultant cements are
directly conditioned by the nature and the mass ratio
of the components of the binder (i.e. slag—pozzol-
ana—activator).

e The nature of the cementitious phase (slag) and its
activation plays a decisive role in the hardening of
the studied binder systems. At a significant activation
of the cementitious phase (slag), the enhanced hydra-
tion-hydrolysis process leads to a basicity of the bin-
der system during hardening that is favourable for
pozzolanic reactions; thus, as a result of the cementi-
tious phase hydration and the pozzolanic reaction,
the development of strength hardening structures is
enhanced.

e The binder systems—especially those finely ground
and well activated, can include up to 40% fly ash
(as pozzolan), together with slag (as cementitious
phase), without affecting the performance of the bin-
der in any significant way.

e Rational polynomial equations are given to quantify
the correlation between the chemical behaviour (con-
sidered through the chemically bound water) or struc-
tural-mechanical properties (considered through the
mechanical strength of the hardened system) and
compositional factors (slag/fly ash ratio and lime pro-

portion in the activating mixture), specific surface of
the silicate mixture (slag and puzzolana) or hardening
time.
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