Pergamon

Cement and Concrete Research 29 (1999) 1313-1321

CEMENT anp
CONCRETE
RESEARCH

Alkali-activated slag mortars
Mechanical strength behaviour
A. Fernandez-Jiménez®*, J.G. Paloma®, F. Puertas®

3 nstituto Ciencias de la Construccion Eduardo Torroja (CSC), 28033 Madrid, Spain
PE.U. Arquitectura Técnica (UPM), Av. Juan de Herrera No. 6, 28040, Spain

Received 17 September 1998; accepted 12 July 1999

Abstract

The objective of the present work is to know the joint influence of a series of factors (specific surface of the slag, curing temperature,
activator concentration, and the nature of the alkaline activator) on the development of mechanical strengths in alkaline-activated slag ce-
ment mortars. To reach this aim, a factorial experimental design was carried out (a complete 2% X 3! design) for every age studied (3 to
180 days). Through the variance analysis, the most significant factor on the response turned out to be the alkaline activator nature. The
activator used, Na,SiO; - nH,O + NaOH, was the factor that gave the highest mechanical strengths in all tests. The next most statistically
significant factor was the activator concentration, followed by curing temperature, and, finally, the specific surface of the slag. The equa-
tions of the model describing the mechanical behaviour for flexural and compressive strengths and their relationships for each age studied

were established © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The industrial manufacturing process of cements based
on the alkaline activation of blast furnace slag (AAS)
started in Ukraine between 1960 and 1964 [1]. The utilisa-
tion of these types of cements has solved an important eco-
logical problem: the use of an industrial subproduct. The
use of these cements also presents economical advantages
due to the lower energy cost of their production, signifi-
cantly lower than that of Portland cement. These AAS ce-
ments present some technological advantages over ordinary
Portland cements. These are: the development of earlier and
higher mechanical strengths, lower hydration heat, better re-
sistance to chemical attack, better behaviour upon carbon-
ation, higher resistance of the aggregate-matrix interface,
better behaviour to freeze-thaw cycles, among others [2—4].
However, they also present some problems such as rapid
setting, high shrinkage, subsequent formation of micro-
cracks, the possibility of expansive reactions occurring be-
cause of alkali-aggregate reactions, and higher formation of
salt efflorescences.

Extensive investigations have been published about the
main factors affecting the development of mechanical
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strengths of AAS mortars and concretes [5]. These factors
include slag specific surface, curing temperature, activator
concentration, and alkaline activator nature. In all the stud-
ies, the influence of these factors are independently studied.

For this reason, the objective of the present work is to
learn the joint influence of a series of factors (specific surface
of the dag, curing temperature, activator concentration, and
nature of alkaline activator) on the development of mechani-
cal strengths of akaline-activated slag cement mortars. Like-
wise, mathematical models are established, describing the
mechanical behaviour of the mortars as afunction of the vari-
ables considered at different ages studied.

2. Methods
2.1. Materials

The chemical composition of Spanish blast furnace dags
used in this work is shown in Table 1. The mortar was pre-
pared according to the Spanish standard UNE-80-101-88. The
size of the prismswas 4 X 4 X 16 cm. The aggregate/dag ra
tio used was 2/1 and the alkaline solution/dag ratio was 0.51
for the 450 m?/kg dag and 0.61 for the 900 m?/kg slag. The
samples were cured at 25 and 45°C for 20 h, then they were
kept at ambient temperature in a humid chamber (98%) until
the testing day. Flexural and compressive mechanica
strengths were measured at 3, 7, 28, 90, and 180 days.
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Tablel

Chemical composition of blast furnace slag (% wt)

Slag and

specific surface SO, CaO Al,O; MgO Fe,Oq SO, S2 P.F. R.I. I.B. (F3)
E-M, 450 m%kg 355 41.45 12.15 8.34 1.01 247 0.92 - 0.21 1.75
E-F, 900 m%kg 34.72 41.05 11.87 8.24 0.44 243 0.83 0.10 0.29 1.76

2.2. Satigtical analysis

To determine the joint effect of the four factors indicated
on the mechanical strengths in mortars of alkaline-activated
slag, acomplete factorial experimental design (2° X 3') was
carried out for each age studied.

The factors considered are presented in Table 2, where A =
specific surface, B = curing temperature, C = activator con-
centration, and D = nature of alkaline activator. Thefactors A,
B, and C were defined with two levels: a + sign was used to
indicate the highest level and a — was used for the lowest
level (see Table 2). C factor was defined with three levels,
with a + sign for Na,CO; solution., O for NaOH solution, and
— for Na,SIO; - nH,O + NaOH solution. The response vari-
ables considered for that experiment were flexural and com-
pressive strengths at 3, 7, 28, 90, and 180 days.

To determine the analysis of variance and the mathemat-
ical equation of the model for the factorial experimental de-
sign, a STATGRAPHICS Plus computer program (version
3.1) was used.

2.3. Analysis of variance

The significance assigned to each single factor studied as
well as their interactions were determined. The F-tests in
the ANOVA table identify the significant factors. The
ANOVA table decomposes the variability of responses into
contributions due to different factors. The p values obtained
with the ANOV A table determine the statistical significance
of each factor and their interactions. When the p values are
less than 0.05, the factors or their interactions have a statis-
tically significant effect on the response at the 95.0% confi-
dencelevel [6,7].

2.4. Equation of the model

Once the significance of the factors was known, the vari-
ability of the magnitudes observed was studied. This vari-
ability can be decomposed into additional terms; each one
can be assigned to one of the factors studied and their inter-

action. The values of the coefficients for that response were
determined by least squares method for each factor level.
The confidence intervals for the means were 95.0%.

The mathematical model used is described by Eq. (1) [8]:

Yijw = H+ A +Bj+Cy+ D+ (AB);; + (AC);
+(AD); +(BC)j+ (BD);; + (CD) + Ejjic  (2)

wherey; isthe value of the response estimated at i, j, k, and
| factor levels; . isthe general mean of the estimated value;
A, B;, Cy, D, represent the effects of the four factors consid-
ered; (AB);;, (AC)i, (AD);, (BC)y, (BD)y, Y(CD)y represent
the effect of binary interactions among the four factors; and
E;j represents the random errors in the measurements, con-
sidering that vy ~ N (0, ®). ® was estimated using the
freedom degrees available when considering negligible the
interactions higher than two.

Eqg. (1) can be better described if an indicator variable for
each factor is defined. Eq. (1) isthen transformed into Eq. (2).

R =+ A X, + B Xg+C X+ Zyp + Oyap
+Oyac + Onap + Ongc + Onep + Onep HE 2

where A;, B, and C, represent the coefficients associated with
A, B, and C factors. They are determined by least squares
means. X,, Xg, and X are the variables having — and + val-
ues, according to A, B, and C factorswith —1 or +1 levels, re-
spectively. In the two-level factoria designs (factors A, B, and
C, see Table 1), there is an unique parameter by factor: the ef-
fect of each factor is defined as the expected increment in the
response when these factor goes from — to +. Zyp represents
D factor, defined by three levels. It takes different values for
each level. 3y,g through 3y represent the binary interactions
and they also take different values for each levdl.

3. Results

In Figs. 1 and 2, the values of flexural and compressive
mechanical strengths are shown for the akaline-activated
slag mortars as a function of the different factors considered

Table2
Factors considered in the process of akaline activation
Factor Factor definition Factor level
A Specific surface of slag (m?/kg) 450, Xp = (—1) 900, X5 = (+1)
B Curing temperature (°C) 25 Xz =(—1 45, Xg = (+1)
C Activator concentration (% Na,O with respect to the weight 3%, Xc = (—1) 4%, Xc = (+1)
of dag)
D Nature of alkaline activator N&,SiO; - nH,0 + NaOH, Z, = (—1) NaOH, Z, = (0); Na,CO;3, Z, = (+1)




A. Fernandez-Jiménez et al. / Cement and Concrete Research 29 (1999) 1313-1321 1315

Flexural Strengths (MPa) a) E-M (450 m2/kg)

A W N || I
10
gl
ol
ali
5 . 18 ol
f(i)-M, ENDOC  EMAGNEO4SC EM 30, 25C EM, 3Na20, 45C
a \E\IaOH [ONa2CO03 -WG+NaOﬂ
Flexural Strengths (MPa) b) E-F (900 m2/kg)
1201
101
8
6
4
2
0
EF4aNa20,2°C  E-F4GNa20,45C  ER3ONa20.25C B 3%Na20,45°C
b [DNaOH ONa2Cco3 IWG+NaOH]

Fig. 1. Flexura strengths: (a) E-M slag, 450 m?/kg; (b) E-F slag, 900 m?/kg.

in the present study. It can be seen that the E-M slag (450
m?/kg) presents mean values of strength higher than those
of E-F dag (900 m%/kg). It can also be seen that flexural and
compressive strength values are higher in specimens cured
at 25°C with activator concentration of 4%. With respect to
the activators used, Na,SiO; - nH,O+NaOH mix leadsin all
cases to the highest strengths values, followed by Na,CO,
solution. NaOH solution gives the lowest strength values.
Applying the analysis of variance to the experimental re-
sultsof Figs. 1 and 2, the significance of the four factors con-
sidered is obtained for each age studied. The results obtained
indicate that the four factors considered do not have the same
dtatistical significance level as can be seen from Table 3,
where their p values also appear (obtained with a confidence
interval of 95%). At all the ages studied, the most relevant
factor is the alkaline activator nature flexural and compres-
sive strengths. However, on flexural strength the relevance
level of therest of the factors depend on the age of study. For
ages lower than 28 days, the order for the other factorsis: ac-
tivator concentration, specific surface of the slag, and curing
temperature, whereas for ages greater than 28 days, the im-
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Fig. 2. Compressive strengths: () E-M slag, 450 m%kg; (b) E-F slag, 900
m?/kg.

portance of curing temperature increases; the temperature is
the second factor in order of significance, followed by acti-
vator concentration and slag specific surface (these two last
factors are not statistically significant).

For compressive strength, the relevance of factorsis con-
stant with age. This order is: activator nature, activator con-
centration, and slag specific surface. Thelast is only signifi-
cant at 3 days.

In Table 3 also appears those binary interactions statisti-
caly significant. It can be seen that reaction time plays an
important role. At early ages, the main interaction on flex-
ura strengths is curing temperature-alkaline activator. As
reaction time increases, the number of important binary in-
teractions increases. For compressive strengths, the effect is
opposite at greater ages. Only one interaction is statistically
important (specific surface-alkaline activator nature), while
at early ages the number of binary interactions that are sta-
tistically significant is higher. In all cases, the factor of alka-
line activator nature appears in al the statistically signifi-
cant interactions.

The confidence levels at 95% were a so determined for the
values of the mean responses of the four factors studied as a
function of the different levels considered for each factor. In
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vV Figs. 3 and 4 confidence levels for the flexural and compres-
g sive strengths, respectively, are represented at 28 days.
3 In both figures it can be seen that for A, B, and C factors
g X' g (specific surface, curing temperature, and activator concen-
g8 8 tration, respectively) the difference among means at the dif-
B §, v ferent levels considered is small. This is different for D fac-
«55 2 8 tor, alkaline activator nature, where thereis a sharp difference
= A S = & o between the means of —1 level, Na,SiO; - nH,O + NaOH, 0
2tcg & 8 9 NaOH, and +1 Na,CO, levels.
BlA § A S S oS Finaly, by aleast square method, the coefficients of the
_(17%; 3 S 2 & 3 B model were obtained as indicated before (see Egs. 1 and 2).
In Tables 4 and 5 the equations for these models are pre-
v v v sented for both flexural and compressive strengths for each
g 2 age studyied
§ § % S In Table 6 the values of the coefficients of the model
% f/’ Cv’ Cv) cv> eguations are presented. These are associated with factor D
g ¢ B8 § B8 (Zwo), alkaline activator nature. This factor takes different
s 8 8 38 3 values for the different levels as well as flexural and com-
2 f/’ Cv> g g pressive strengths at all ages studied. In Table 6 the values
§_ § § § § of the coefficients associated with the statistically signifi-
£ f’ag; s S ¢S cant binary interactions (Syag, dnac, through dycp) are aso
o <Af S < j\f ‘A‘ Z‘ presented. They are collected in the equations of the model
22|20 & & & for each age studied.
' § A o/t\) A gg\ g/elg In thistable isimportant to explain that 85 g5 is the binary
5 n (A) § (A) ) ‘/f S (A) L§ ‘i 3 interaction for B and D factor of flexural strength at 3 days.
51882842 8° This interaction takes a positive value when the level of the
factorsare —1,—1(i.e., 25°C and 3% Na,O in weight, respec-
y tively; see Table 2). This meansthat 1.89 MPais added to the
s flexural strength at 3 days (see Table 4). When the levels of
P § 9 factors are 1,1 (i.e, 45°C and 4% Na,O in weight, respec-
= = 8 tively), 85 gp takes a negative value. This means that 1.89
g <At y MPais subtracted to the flexural strength at 3 days.
E NG
3 28
Slg & ® ARy . .
2lg 8 & A é 4, Discussion
g Qi/ ;Z/ % é\ E The statistical analysis carried out provides knowledge
h|e @ < O of the influence of the factors considered at the levels se-
lected on the evolution of mechanical strengths in alkaline-
g Vioy v activated slag cement mortars. The results obtained indicate
8§ § 8 o 8 that the four factors studied present different statistical rele-
3 § g g‘ 3 vance. So, considering the interactions among factorsin the
\SRY 3 v oV evolution of the mechanical behaviour of the mortars, the
'é 8 g 8 § following relevance order (— to +) can be established: slag
B y p= 2 3 o specific surface < curing temperature < activator concen-
5| o s Y oy VvV tration <<< alkaline activator nature.
212 |8 8§ g8 8 8 n
§ g % g § g g 4.1. Sag specific surface (factor A)
§ =3 5| A 'f j\‘ 7\( Tf § g The dag specific surface is the factor least statistically
@ g 3 <A‘ A<A‘ 0 ALA> A‘i |8 relevant. This factor is only significant for flexural and
= = 5|8 823 ﬂ/g Ne Ba B p é; compressive strength at 3 days of curing. These results are
5 gl8|ASASA °g’ NSAS| 8> similar to those indicated by some authors [9], who note that
slzic|a & & & & |58 mechanical strength increment with the slag specific surface
o % £ % ismore important at early ages.
% %3 2 ’g SR Generally, the increase in slag specific surface favours
Fel F2le ~ & & 3 the reactivity, but it is necessary to indicate that the mixes
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Fig. 3. Confidence intervals at 95% for the values of mean responses for flexural strengths: () factor A, slag specific surface; (b) factor B, curing temperature;

(c) factor C, activator concentration; (d) factor D, alkaline activator nature.

with higher specific surface require higher mixing liquid
content to obtain similar plasticity conditions, which pro-
duces adecreasein final strengths[3,10].

In Figs. 1 and 2 it can be seen that the variation of me-
chanical strengths with specific surface is highly influenced
by the alkaline activator nature, indicating that this is the
main binary significant interaction. When the slag is acti-
vated by NaOH and Na,COj, the increase in the slag spe-
cific surface from 450 (level —1) to 900 m?kg, (level +1)
produces an increase in mechanical strengths. Gjorv [11] in-
dicates that the effect of the slag specific surface increment
when it is activated with NaOH and Na,CO; enhances the
mechanical strengths; this effect is more important at early
ages and low curing temperatures. However, in Figs. 1 and
2 it can be seen that when the dlag is activated with Na,SIO; -
nH,O + NaOH, mechanical strengths do not increase, but
decrease with the specific surface increase.

In Figs. 3a and 4a the confidence intervals are presented
for the mean responses of thisfactor at —1 and +1 levelsat
28 days. In Fig 3a, it can be seen that flexural strength is
higher for the 450 m?/kg slag than for 900 m?kg one; thisis
confirmed by the — sign appearing in the model equations
(see Table 4 where X, is equal to —). The results obtained

for compressive strengths are not clear (Fig. 4a) because
sometimes a + sign is obtained and other timesa — sign is
obtained. In any case, because of the small (absolute) value
of the coefficients, their influence is very low compared to
the other three factors considered.

In this case, the influence of specific surface is condi-
tioned by the activator type used. As was indicated earlier,
the most significant factor is the activator nature: its impor-
tance can hide the effect of other factors, such as the dag
specific surface.

4.2. Curing temperature (factor B)

Curing temperature is a statistically significant factor for
flexural and compressive strengths. In Figs. 1 and 2 it can
be seen that with variation of the curing temperature, com-
pressive strength values are more homogeneous than those
of flexural strength. The slag mortars activated with NaOH
lead to a constant decrease in strength with the increase of
curing temperature for all the ages studied. In mortars acti-
vated with Na,COj, the increase of temperature favours the
strength development at earlier ages. When activating with
Na,SiO; - nH,O + NaOH, for compressive strength and for
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both E-M and E-F dlags the same behaviour can be ob-
served: strengths decrease as curing temperature increases.
However, this effect is not so clear for flexural strengths.
From a statistical viewpoint, the influence of thisfactor is
closely related to reaction time. At early ages (<3 days) the
effect is positive, that is, mechanica strengths in mortars
cured at 45°C (level, +1) are higher than those of mortars
cured at 25°C (level, —1). This effect can be seen in Figs. 1

and 2 and in the + sign appearing in the equations of the
model for 3 days. However, as reaction time increases, the
positive effect of the curing temperature disappears, turning
into a negative effect. This is shown by a — sign appearing
in the equations of the model at 7, 28, 90, and 180 days (see
Tables4 and 5). It isalso observed in Figs. 3b and 4b that the
mean responses associated with —1 level, 25°C are higher
than those associated with +1 level, 45°C. This indicates

Table5
Mathematical equations for compressive strengths

Time
(days) Mathematical equations

Table4
Mathematical equations for flexural strengths
Time
(days) Mathematical equations
3 Ry = 4.68 — 0.69 X, + 0.59 Xg + 0.84 X + 857p + 857gp +
e(oc=121)
7 RFF = 6.08 — 0.16 X, — 0.05 Xg + 0.33 X + 8;7p + 8 gp +
€ (oc=0.75
28 Ryg” = 6.66 — 0.18 X, + 0.36 Xg + 0.19 X + S67p + 855" a0 +
€ (o =1.10)
90 Ry” = 6.29 — 0.15 X, — 0.53 Xg + 0.35 X + 8¢ p +
€ (0 =0.98)
180 Rigs” = 6.91 — 0.18 X, — 0.31 Xg + 0.18 X + 3107p +

180 cp + 1a0Tep + D1g0 ac T B1go ap + € (0 = 0.67)

3 RC=3170 - 223X, + 441 X + 5.77 Xc + 85 + 8:p +
30 + 85 + € (0 = 4.39)

7 RS =36.17 + 016 X, — 0.74 Xg + 479 X + 8,5 + 8,50 +
3% + € (0 =5.29)

28 Ryl = 44.86 — 0.08 X, — 2.95Xg + 4.67 X + 8,55 +
SuCap + € (0 = 6.19)
90 Ry =50.72 — 0.77 Xp — 2.96 Xg + 5.3 Xc + 86eCp + SocCap +
€ (o = 6.06)
180  RygC = 56.32 + 0.37 X, — 1.76 Xg + 4.75 Xc + 81555 +

Soo"ap + € (0 = 3.36)
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Table 6
3F and &€ values for D factor (nature of alkaline activator solution)

Flexural strengths Compressive strengths

Levels (—=1) N&SiO3 nH,0O + NaOH (0) NaOH (+1) Na,CO, Levels (—1) N&SiO3 nH,O + NaOH (0) NaOH (+1) Na,CO,
3 b 277 —1.007 -1.76 3:5% 15.38 —13.82 —155

3 p 2.87 —2.09 -0.77 3:% 20.92 —17.63 -3.29

36D 3.05 -212 -0.93 3,6 24.12 —20.33 -3.79

3e0 D 1.69 —-1.24 —0.45 390’ 21.33 —20.08 -125

3180 D 127 -0.76 -0.51 31800 23.99 —20.87 -3.12

that mixes cured at higher temperatures (45°C) develop
lower strengths than those cured at 25°C at greater ages.

These results are in accordance with those obtained by
other authors [12], indicating that curing temperature in-
crease seems to affect the development of strengths more at
early ages. It has been confirmed that the curing tempera-
ture increase accelerates the slag activation process [10].
However, as reaction time increases at later ages, the curing
temperature increment has a negative effect, provoking a
decrease in fina strength values [5]. The explanation for
this phenomenon is based in the formation of a large
amount of reaction product and a more heterogeneous dis-
tribution of the products at early ages in those mixes cured
at higher temperature, with subsequent paste densification
and a microstructural modification. So, as reaction time in-
creases, diffusion processes are more difficult to develop
and the following reactions occur slowly.

4.3. Activator concentration (factor C)

Activator concentration is the second statistically signifi-
cant factor. In Figs. 1 and 2 it can be seen that mortars of
slag activated with Na,CO; or N&,SiO; - nH,O+NaOH are
affected more by the variation of activator concentration
than those mortars activated with NaOH. The increase of
activator concentration has a greater effect on strength de-
velopment of E-M mortars than E-F mortars, except for
the case of N&,CO; activator. It can also be observed that the
mortars activated with Na,CO; are the most affected by
the ratio curing temperature-activator concentration.

From the statistical point of view, this factor is signifi-
cant for compressive strength at al ages studied, but it is
only significant at ages earlier than 28 days for flexural
strengths. In Figs. 3c and 4c it can be seen that for compres-
sive strength the difference mean medium level is higher
than for flexural strength. However, in both cases, +1 level,
associated with a 4% concentration of Na,O in weight with
respect to the dlag, leads to higher mechanical strengths.
This is shown by a + sign associated with this factor that
appears in the equations of the model.

These results are in accordance with those obtained by
other authors [5]. As activator concentration increases, me-
chanical strengths increase within a range. Concentration
values recommended are between 3 and 5% of Na,O by dlag
weight. Lower values delay activation process. Higher val-

ues can originate efflorescences and brittleness problems as
a function of other factors, such as dag type, activator na-
ture, and curing temperature. Additionally, very high activa-
tor concentrations are not economically recommended.

4.4. Alkaline activator nature (factor D)

Thisisthe most significant factor. In Figs. 1 and 2 it can
be seen that the mortars activated with Na,SiO5 - nH,O +
NaOH give the highest strengths. The strengths are between
6 and 8 MPa for flexural strength (3 days) and between 40
and 60 MPa for compressive strength. It is also observed
that for early ages (3 days), better strengths can be reached
if the dag is activated with NaOH instead of with Na,CO,.
This is explained because Na,CO; solution has a lower pH,
originating alower activation rate and lower strength devel-
opment at early ages. However, at later ages, strengths are
lower in the case of NaOH, which is attributed to the effect
of CO;72 ions [5], leading to the formation of carbonated
compounds of the type C;A - CaCO; - 12H,0 that increase
the mechanical strengths.

Taking into account the effect of the other factors, it can
be seen that the mortars activated with NaOH are those pre-
senting the most homogeneous behaviour; they are the less
affected by concentration variation and are less affected by
undergoing a decrease of strengths because of temperature
increase since early ages. Mortars activated with Na,CO,
and Na,SiO; - nH,O + NaOH lead to the highest strengths
and present a higher dispersion of the results on the action
of other factors. In the case of mortars activated with
Na,SiO; - nH,O + NaOH, the strengths increase until 28
days of reaction, but at 90 and 180 days they tend to de-
crease dlightly. This effect is sharper for flexural strength.

From the statistical viewpoint, this factor leads to greater
variability in the values of the mean responses at each level
and at 28 days (Figs. 3d and 4d). The dag activated with
N&aSO; - nH,0O + NaOH is the dag that gives the highest
mean mechanical strengths, followed by the dag activated
with Na,CO; and NaOH. The differences between these last
activators are less marked than with Na,SiO; - nH,O +
NaOH. These resultsindicate that the three activators used fol-
lowed this order (major to minor) with respect to the mechani-
ca strengths: Na,SiO; - nH,O + NaOH > Na,CO; > NaOH.

In Table 6 the values of the coefficients of the equations
are presented. Vaues correspond to this factor defined by
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Table7
Binary interactions values

(-1,-1)(1-D (10 (L0 (-1 (1D (=1,-1(1-1) (=10 (1,0) (-11)(1.1) (-1,-1)(1-1) (-10(10) (-11)(11)
8y —+ 1.89 +079  *1.12 S50 ac — +0.40 - +040 8.y *595 —+3.83 —+214
8 e —+0.68 +0.25 +0.45 S0 a0 £0.37 —+0.61 +0.25 8% —+5.59 +4.16 +1.45
S28 ap + 0.63 —+0.88 +0.24 9 —+5.65 +6.66 —+1.00 S6Cap £6.52 —+3.67 —+2.86
d1gcp —+ 0.75 +062  *0.13 3L  *6.71 —+400  —+301  dqChp FATT7 —+3.67 —+1.10
S0 —+ 071 +0.63 +0.08 3 —+4.93 +5.85 —+0.92 dotap £3.65 —+252 —+1.16

three levels. the —1 level corresponds to Na,SiO; - nH,O +
NaOH activator, aways being a positive value (the highest
value at 28 days) for flexural and compressive strength. The
coefficients associated with 0 and +1 levels, NaOH and
Na,CO;, respectively, are always negative, confirming the or-
der of importance of the activators as previoudy described.

4.5, Binary interactions

In Table 2 the statistically significant binary interactions
are presented. In Table 7 the values of the coefficients asso-
ciated with those interactions appear as a function of the
level for the factor considered. The coefficients appearing in
Table 7 are accompanied by = or —+ signs, associated
with the positive or negative effect of the interactions at the
levels considered. These signs give information confirming
some facts that are already shown, mainly related to the in-
teractions between activator nature and slag specific surface
or curing temperature.

AD interaction (specific surface-activator nature) is rele-
vant for flexural and compressive strengths. However, spe-
cific surface factor isolated is only statistically important at 3
days. This indicates that this is a factor joint to the activator
nature. The signs appearing in Table 7, as in the results of
Figs. 1 and 2, indicate that the effect of specific surface in-
crease has a negative effect when the activator is Na,SIO; -
nH,O + NaOH, but this is not the same when NaOH or
Na,CO; are used.

BD interaction (curing temperature-activator nature) is
more significant at early ages, which is in accordance with
results exposed earlier, concerning curing temperature hav-
ing greater effect on the mechanical strength development
at early ages. The signs associated with the coefficients in
Table 7, like the results in Figs. 1 and 2, seem to indicate
that the increase in curing temperature is going to have a
positive effect at early ages when the activator is Na,SiO; -
nH,O + NaOH or Na,CO,, whereas the effect is negative
for NaOH.

4.6. Relationships among flexural and compressive
strength values

The relationships among experimental values for flexural
and compressive strengths at the same age has been esti-
mated by a simple lineal regression model. First, the statisti-
caly significant relations were estimated within a confi-
dence level of 95% (p value < 0.05, see Table 8). Then, the

equation of the simple regression model among the variables
studied was estimated by minimum squares method. Thelin-
eal equations obtained are of the type of equation shown in
Eq. (3), where F is the value of flexural strengths at N days
and C the values for compressive strengths [see Eq. (3)]:

Cy = A+BF, @)

The results obtained (see Table 8) indicate that a statisti-
cal significant relationship exists for al the ages studied.
The p values are <<<0.05 and good correlation coefficients
are obtained. The best coefficients are obtained at 7, 28, and
90 days (0.902, 0.901, and 0.844, respectively).

5. Conclusions

From the statistical analysis of the results obtained in the
present work, with the factors considered at the selected lev-
els and applying the analysis of variance within a confi-
dence limit of 95%, it is deduced that:

1. The equations of the models describe the mechanical
behaviour of the alkaline-activated slag cement mor-
tars at the different ages studied.

2. The mean value of mechanical strengths increases as
reaction time increases.

3. The order of the most significant effects studied on
the development of mechanical strengths is: nature of
akaline activator >>> activator concentration >
curing temperature = specific surface of sag.

4. The nature of alkaline activator is the most significant
factor. As a function of the strengths obtained, the
three akaline activators used in this work maintain
the following sequence: Na,SiO; - nH,O + NaOH >>
Na,CO; > NaOH.

Table 8
Lineal correlation equations among flexural and compressive strengths and
their correlation coefficient

pvalue Correlation

Time Lineal eguation of model coefficient
3 Cyy = 10.6275 + 4.5020 F 4 0.0000 0.775395
7 Cyy = —7.12668 + 7.1167 F4 0.0000 0.902253
28 Cpgg = —3.568670 + 7.2662 Fygq 0.0000 0.901091
90 Coog = —5.90455 + 900695 Fgyq 0.0000 0.844367
180 Cigoq = —7.63273 + 9.25291 F1gpy  0.0001 0.704552
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5. The behaviour of mechanical strengths for the differ-
ent levels of akaline activator (=1, 0, +1) can
change with the specific surface of the dlag, along
with the curing temperature. The main interactions
were BD and AD for the flexural strengths and AD
and CD for compressive strengths.

The effect of slag specific surface increment has a posi-
tive effect when the activators used are NaOH or Na,COs,
whereas that effect is negative when the activator is
Na,SiO; - nH,O + NaOH. In addition, the increase of cur-
ing temperature does not favour the increase of mechanical
strengths at later ages, but has a positive effect at early ages
when the activator is Na,SiO; - nH,O + NaOH or Na,COs.

Finaly, from the analysis of experimental data a correla-
tion between flexural and compressive strengths at different
ages could be established. It allows the estimation of com-
pressive strengths once the flexural strengths are known and
vice versa
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