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This paper presents the results from a parametric experimental investigation of the compressive strength
of alkali-activated concrete. The effects of curing condition (moist-cured versus heat-cured), sodium
oxide dosage, silica dosage, silica modulus (relative dosage of silica to sodium), solution/binder ratio,
and free water/binder ratio on the compressive strength of sodium silicate-activated fly ash and slag
cement concrete are evaluated. More than 5000 specimens with 676 unique combinations of mixture
proportion and curing condition were tested. The marginalized effects of each parameter indicate effects
similar to those identified by previous studies. Predictive models for the compressive strength of fly ash
and slag cement-based concretes are developed by stepwise regression analysis. Although the specific
models presented in this paper are applicable only for the materials and activators identified herein,
the modeling procedures are generalized results are of doubtless utility for the design of alkali-
activated concrete mixtures.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Alkali-activated concrete is made by the chemical activation of
aluminosilicate materials with strong metal alkalis. Activators like
sodium or potassium hydroxide, sodium silicate, or sodium car-
bonate are commonly used in conjunction with industrial byprod-
ucts like fly ashes or slag cement to produce strong and durable
binders. Although alkali-activation of aluminosilicates dates back
to at least 1908 [1], alkali-activated concretes (AAC) have only
recently emerged as potential replacements for portland cement
concrete. The recent emergence of AAC stems mainly from
increased concern over the environmental impact of portland
cement manufacture. The embodied energy and carbon emissions
associated with AAC are significantly lower than those associated
with portland cement concrete (PCC) [2–4].
The compressive strength behavior of alkali-activated binders
has been discussed at length in existing literature. The compressive
strength of alkali-activated slag cement (AASC) is known to be
influenced by binder composition, activator composition and con-
centration, water content, and curing condition. Several research-
ers have suggested that the optimal strength performance in
AASC is obtained when sodium silicate is used as the activator
[5–9]. The compressive strength is known to increase as the alkali
concentration of the activator increases and as the ratio of silica to
sodium oxide increases [5–12]. The compressive strength is known
to decrease as the water/binder or solution/binder ratio increases,
given sufficient water for adequate workability and consolidation
[5]. The accelerating effect of heat-curing on strength gain in AASC
concrete has been often reported [5,6,13–16]. [6] suggest that tem-
perature is second only to activator concentration in terms of its
effect on compressive strength. Additionally, the compressive
strength of AASC concrete tends to increase with binder content
[17].
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Similarly, the compressive strength of alkali-activated fly ash
(AAF) concrete is known to vary with the composition of the bin-
der, the composition and concentration of the activator, the water
content, and the curing condition [18–26]. Extremely high com-
pressive strengths, in the range of 70–100 MPa, have been
achieved in AAF binders with very high alkali concentrations or
elevated temperature [5,22,27,28]. Several studies have suggested
an optimum silica modulus near 1.5 for AAF concrete when sodium
silicate is used as the activator [25,26,29,30].

Despite the wealth of research describing the compressive
strength behavior of alkali-activated binders and concrete summa-
rized above, there have been few attempts to model the
compressive strength as a function of the mixture parameters
(e.g., activator concentration, water content). [6] presented some
basic categorical models for the compressive strength of AAS con-
crete. [31] modeled the compressive strength of potassium
hydroxide-activated natural pozzolans, which was based on chem-
ical composition, alkali solubility, and pozzolan crystallinity. [32]
evaluated various methods of predicting the compressive strength
of AAF concrete. Those methods varied in reliability, but focused
mainly on the physical and chemical properties of the binders as
predictors of strength. Suggesting that it will be of more use to
practitioners to predict the compressive strength of AAC made
with a given binder based on mixture parameters, the present
study purports to model the compressive strength of sodium
silicate-activated fly ash and slag cement concrete as a function
of activator composition, water content, and curing condition.
Specifically, the effects of sodium oxide dosage, silica dosage, silica
modulus (relative concentration of silica to sodium oxide),
solution-to-binder ratio, free water-to-binder ratio are investi-
gated for AAF and AASC concretes cured at ambient temperature
(moist-cured at 23 �C for 28 d) and elevated temperature (heat-
cured at 50 �C for 48 h).
2. Experimental

2.1. Materials

The binder materials were class C fly ash and slag cement. The
former was sourced from the Belle River Power Plant, a subsidiary
of Detroit Edison in St. Clair County, MI. The latter was sourced
from Holcim USA at the Chicago Skyway Plant in Chicago, IL. The
chemical composition is given in Table 1.

The activator was a compound aqueous solution of sodium sil-
icate and sodium hydroxide. The sodium oxide dosage N and silica
dosage S were specified by percent mass of binder. The silica mod-
ulus m is the mass ratio of silica to sodium oxide, m ¼ S=N. Solu-
tions were prepared by mixing deionized water, sodium oxide
pellets, nanosilica powder, and a commercial sodium metasilicate
solution in the prescribed ratios. The solution-to-binder ratio s is
the mass ratio of activator solution to binder, and the free
Table 1
Binder composition.

Slag cement Fly ash

(mass percent)

SiO2 36.0 37.7
Al2O3 10.5 20.0
CaO 39.8 23.4
MgO 7.9 4.3
Na2O 0.3 1.7
SO3 2.1 2.4
K2O 0.2 0.6
Fe2O3 0.7 5.6
LOI 0.00 0.31
water-to-binder ratio w is the mass ratio of water in the activator
solution to binder.

The fine aggregate was quartz sand with specific gravity 1.91
and fineness modulus 2.54. The coarse aggregate was quarried
crushed stone composed predominately of pink limestone. The
maximum aggregate size was 13 mm.

2.2. Mixture proportioning and parameters

This study evaluated the effects of several mixture parameters.
Mixture proportions were computed according to the absolute vol-
ume method with bulk volume of coarse aggregate of 0.5 [33]. Bin-
der type was either fly ash or slag cement as previously described.
The curing condition was either moist-curing (23 � 2 �C for 28 d)
or heat-curing (50 � 0.1 �C for 48 h). This heat-curing regime was
selected because it has been commonly used throughout the liter-
ature, and is the minimal temperature that will result in at least
the same strength in 48 h as under moist-curing for 28 d
[26,34,35]. The sodium oxide dosage N, silica dosage S, silica mod-
ulus m, the solution-to-binder ratio s, and the free water-to-binder
ratio w were also varied. It should be noted that this shorthand
nomenclature is somewhat nonstandard but has been adopted
for the sake of brevity and clarity.

The range of parameters evaluated for each binder type is listed
in Table 2. Activator compositions are typically specified by sodium
oxide dosage N, silica modulusm, and solution-to-binder ratio s. As
such, the silica dosage S and free water-to-binder ratio w were not
directly varied. Quantification of the effect of these parameters
was, however, still of interest. Based on preliminary experimenta-
tion [36], it was determined that mixtures with w < 0:3 were
insufficiently workable. Additionally, mixtures with S < 1 were
deemed unfairly representative of the behavior of the compound
activator. The intermediate values N ¼ f4:2;4:4;4:6;4:8g were
included for AAF concrete based on preliminary investigations
which suggested a sharp rise in strength between sodium oxide
dosages of 4 and 5% [36].

2.3. Experimental methods

AAC mixtures were prepared in a standard bench top laboratory
mixer. The binder and saturated surface dry aggregates were first
charged into the mixing bowl and mixed for 60 s. The activator
solution, prepared at least 24 h in advance of mixing, was charged
into the mixing bowl over the course of 30 s with the mixer run-
ning at low speed. The batch was then mixed at medium speed
for an additional two minutes. Following mixing, concrete was
immediately cast into /76.2 � 152.4 mm cylinders and consoli-
dated by mechanical vibration. Reagent-grade activators were used
to keep precise control over the activator composition; the costs
associated with these activators necessitated the use of specimens
smaller than the standard /152.4�304.8 mm cylinders. Each spec-
imen was sealed with plastic and placed in the prescribed curing
condition. Eight specimens were cast from each batch; four were
placed in each curing condition. Each batch was cast in two repli-
cates; a total of 646 total batches and 5168 total specimens were
Table 2
Mixture proportion variables, ranges, and restrictions.

Binder: Fly ash C Slag cement

Curing Moist-cured, heat-cured Moist-cured, heat-cured
N 2, 3, 4, 4.2, 4.4, 4.6, 4.8, 5, 6, 7 1, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7
m 0.5, 1, 1.5, 2.5 0.5, 0.75, 1, 1.5, 2.5, 3.5
S P1.0 P1.0
s 0.35, 0.4, 0.425, 0.45, 0.5 0.35, 0.4, 0.425, 0.45, 0.5
w >0.3 >0.3
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cast over a period of more than one year. Specimens remained
sealed in their molds for the entire curing duration and were tested
within one percent of the prescribed duration. Compressive
strength was determined in accordance with the specifications of
ASTM C192 using a hydraulic compression tester of capacity
1.1 MN. Each reported strength value is the average of four repli-
cate specimens.
3. Analytical

Predictive models were developed by stepwise regression using
stepwiselm in MATLAB. Stepwise regression analysis is an algo-
rithmic approach to model selection that can be accomplished by
forward selection or backward elimination. Under the former, a
constant model is selected and model terms of increasing complex-
ity are added until the fit is optimized. Under the latter, a highly
complex model is selected, and model terms are removed until
the fit is optimized. The choice of which term is added or removed
in each step is based on that which most improves the fit, as eval-
uated by some specifiedmodel criterion. In this study, the Bayesian
Information Criterion,

BIC ¼ k lnn� 2‘̂; ð1Þ

is used as the model criterion, where k is the number of free model
parameters, n is the sample size, and the log-likelihood ‘. The log-
likelihood ‘ is the natural logarithm of the likelihood function L,
which is defined as the probability of observing the data x from a
population X given the model h:

L ¼ PðX ¼ xjhÞ: ð2Þ
The model fit is optimized by minimizing BIC. BIC was selected

as the model criterion because it heavily penalizes for overfitting.
Overfitting describes the tendency to select a model of high order
which naturally fits the data better but may be much less econom-
ical. The null value hypothesis test and the associated p-value is
not used for reasons discussed elsewhere [37,38] Separate models
were developed for the compressive strength of AAF and AASC con-
crete. Curing condition was treated as a categoric variable; the
resulting models include a boolean term T which is equal to zero
if moist-cured and 1 if heat-cured. The remaining variables were
treated as numeric.
4. Results and discussion

The compressive strength results for sodium silicate-activated
fly ash and slag cement concrete are presented in this section.
Compressive strengths in the range 1.0–55 MPa were observed
for moist-cured AAF concrete; values in the range 0.9–77 MPa
were observed for heat-cured AAF concrete. The population stan-
dard deviation for the compressive strength of all AAF concrete
specimens was 16.5 MPa. The average sample standard deviation
from each group of four specimens was 1.13 MPa, or about 6% of
the average strength from each group of four. Compressive
strength in the range 0.1–83 MPa were observed for moist-cured
AASC concrete; values in the range 1.2–88 MPa were observed
for heat-cured AASC concrete. The population standard deviation
for the compressive strength of all AASC concrete specimens was
18.6 MPa. The average sample standard deviation from each group
of four specimens was 1.39 MPa, or about 4% of the average
strength from each group of four. The effects of the aforementioned
mixture parameters are discussed below.
4.1. Marginalized results

This section presents the compressive strength results
marginalized by each factor (i.e., the compressive strength as a
function of a single factor without regard for the other factors).
This shows the general effect of each individual parameter and
provides a basis for comparison of the dataset with previously pub-
lished results. The marginalized effects of sodium oxide dosage N,
silica dosage S, silica modulus m, solution-to-binder ratio s, and
free water-to-binder ratio w on the compressive strength of AAF
and AASC concrete are shown in Figs. 1–5. The effect of curing con-
dition on the compressive strength of these mixtures has been dis-
cussed elsewhere [35] and will not be discussed in detail here. It is
important to note here that the discussion of marginalized results
is not included for the prediction of compressive strength. Instead,
it is presented simply to show what general trends may be
observed in the data.

The effect of sodium oxide dosage N on compressive strength f 0c
is shown in Fig. 1. Recall that the figure shows that marginalized
results for compressive strength as a function of sodium oxide
dosage. Within a single sodium oxide dosage, all other parameters
vary throughout their entire ranges. This figure, and the others that
follow, can be interpreted to give two types of information. First,
the figure shows the general trend of compressive strength as a
function of sodium oxide dosage without regard for the value of
other parameters. Second, the figure shows the range of strengths
that can be expected at a particular sodium oxide dosage. For
example, the compressive strength of AASC concrete (Fig. 1b) with
N ¼ 2:5 can range from 10 to 60 MPa with varying combinations of
silica dosage and other parameters.

Consistent with existing literature, the result presented in Fig. 1
suggest increased compressive strength with increased sodium
oxide dosage within the range tested (N � 7%). Some researchers
have suggested an optimum activator concentration, above which
the compressive strength may decrease [29,30,25,26]. The com-
pressive strength observations for AAF concrete are somewhat con-
sistent with this idea. Although no decrease in compressive
strength was observed, the strength-increasing effect of increased
sodium oxide dosage was markedly decreased above about 5%. No
such decrease was observed for AASC concrete; instead, the com-
pressive strength tended to increase approximately linearly with
sodium oxide dosage through the range 1% 6 N 6 7%.

Similarly, the effect of silica dosage S on compressive strength f 0c
is shown in Fig. 2. AASC concrete exhibited a clearly observable
increase in compressive strength with silica dosage throughout
the range 0.5% 6 S 614%. This increase was steady for silica
dosages up to about S ¼ 4% and far less significant above that
value. This is again somewhat consistent with previous studies
which have suggested optimum activator concentrations from
the standpoint of compressive strength. In the case of AAF con-
crete, the marginalized effect of silica dosage was unclear. There
was a general increasing trend in compressive strength with silica
dosage, but the rate of increase was highly variable. While silica
dosage could be used as a rough predictor for the compressive
strength of AASC concrete, it is without question that the same
cannot be said for AAF concrete.

The effect of silica modulus m on compressive strength f 0c is
shown in Fig. 3. A wide range of compressive strengths was
observed at each silica modulus for both AAF and AASC concrete,
suggesting that a reasonable prediction of compressive strength
cannot be made from the silica modulus alone. However, an opti-
mum silica modulus from the standpoint of compressive strength
was apparent in both AAF and AASC concrete, although much more
so in the latter. The optimum was near m ¼ 1:5 for both.



Fig. 1. Compressive strength f 0c vs. sodium oxide dosage N (% binder mass).

Fig. 2. Compressive strength f 0c vs. silica dosage S (% binder mass).
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The effects of solution-to-binder ratio s and free water-to-
binder ratio w on compressive strength f 0c are shown in Figs. 4
and 5, respectively. In both cases, the range of compressive
strengths observed at each value is wide, and neither could reason-
ably be used as a sole predictor of compressive strength. However,
the expected overall decrease in compressive strength with
increased free water-to-binder ratio w is observed in Fig. 5. The
same expected result is not observed for solution-to-binder ratio
s in Fig. 4. The data plotted in that figure are somewhat misleading,
however, due to the constraints on free water-to-binder ratio in
Table 2 (i.e., w > 0:3). The minimum solution-to-binder ratio used
in the parametric study was 0.35. Considering the constraint on
free water-to-binder ratio, that value was only valid for activator
solutions with low alkali content. Higher solution-to-binder ratios
allowed higher alkali contents, which led to higher overall com-
pressive strengths (as demonstrated in Figs. 1–3). With that in
mind, there was no observable trend in compressive strength as
a function of solution-to-binder ratio.
4.2. Predictive models

The previous section demonstrates that the observed compres-
sive strength data are in overall agreement with the literature,
which serves as some evidence of their validity. This section pre-
sents several mathematical models for the prediction of compres-
sive strength based on the parameters discussed above. Thousands
of predictive models were evaluated by the stepwiselm algo-
rithm. The goal was to produce the simplest model that could ade-
quately describe the desired effects. To that end, several classes of
models were considered. These were (in increasing order of
complexity):

1. Linear without interactions
2. Linear with second-order interactions
3. Quadratic without interactions
4. Quadratic with second-order interactions
5. Cubic with third-order interactions



Fig. 3. Compressive strength f 0c vs. silica modulus m.

Fig. 4. Compressive strength f 0c vs. solution-to-binder ratio s.
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The optimal model from each class is discussed in this section.

4.2.1. AAF concrete
The optimal predictive models of classes 1–5 for the compres-

sive strength of AAF concrete are presented as Eqs. (3)–(7). All of
the models of increasing complexity include intercept terms and
terms for curing condition, sodium oxide dosage, silica dosage,
and silica modulus. Researchers commonly describe sodium sili-
cate concentrations using the sodium oxide dosage and the silica
modulus, which is an adequate description of the activator compo-
sition. Based on this convention, it was assumed from the concep-
tion of this study that those two terms would also be adequate for
prediction of compressive strength. The results shown here suggest
otherwise. The coefficient on T was identical between model Eqs.
(3) and (5) and between model Eqs. (4) and (6). This suggests that
the effect of curing condition can be modeled with reasonable cer-
tainty, which is consistent with conclusions presented elsewhere
[35].
All of the aforementioned models except Eq. (4) include terms
for the solution-to-binder ratio, while Eq. (4) includes terms for
free water-to-binder ratio. None of the equations include terms
for both s and w. This suggests that only one term describing
the water content is necessary for accurate strength prediction,
and that the solution-to-binder ratio likely provides a better
prediction.
f 0c ¼ �5:514þ 7:581T þ 7:337N þ 3:514S� 6:539m

� 40:26w ð3Þ

f 0c ¼ 6:227� 6:930T þ 2:705N � 4:818Sþ 10:55m� 37:57s

þ 3:500TN þ 1:524NS� 0:8886mS ð4Þ

f 0c ¼ 26:29þ 7:581T � 10:07N þ 8:730S� 16:51m� 36:68s

þ 1:729N2 � 0:2249S2 ð5Þ



Fig. 5. Compressive strength f 0c vs. free water-to-binder ratio w.
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f 0c ¼ 10:08� 6:930T þ 1:798N � 5:071Sþ 6:820m� 37:51s

þ 3:500TN þ 1:778NS� 0:2023S2 ð6Þ
Fig. 6. Predicted compressive strength f 0c vs. measured compressive strength f 0�c for
AAF (Linear without interactions).
f 0c ¼ �46:40� 7:714T þ 57:47N � 250:2Sþ 277:9m� 30:08s

þ 3:166TN þ 0:4750TSþ 67:12NSþ 84:92mS� 16:24N2

� 23:02S2 � 93:79m2 � 5:045N2Sþ 1:644NS2 þ 1:329N3

þ 0:0567S3 ð7Þ
Due to the number of regressors, it is impossible to plot the

above equations for visualization purposes or for evaluation of
goodness of fit. The latter can be instead achieved by plotting the
predicted compressive strength f 0c against the measured compres-
sive strength f 0�c . It is useful to compute a linear regression correlat-
ing the two and to solve for the corresponding coefficient of
correlation (R2). If the fit is very good, the resulting regression
should have a slope near 1, an intercept near zero, and a coefficient
of correlation near 1. This method of evaluation provides an esti-
mation of goodness of fit, but gives no information about efficiency
due to the lack of an overfitting penalty.

The predicted compressive strength f 0c according to the pro-
posed model Eqs. (3)–(7) is plotted against the average compres-
sive strength of each batch of AAF concrete in Figs. 6–10,
respectively. The linear regression line and coefficient of correla-
tion (R2) are shown on each figure. In general, as the model order
increases so does the goodness of fit. This is indicated by the slope
of the regression line and the coefficient of correlation approaching
unity. Even with the most complex model (the cubic model of Eq.
(7)), the coefficient of correlation is a mere 0.93. While the cubic
model is certainly the best of the models presented here in terms
of goodness of fit, it is by no means exceptional.

Some ordinate values are negative in each case, meaning that
the predicted compressive strength is negative while the measured
compressive strength is obviously not. This is problematic from a
theoretical standpoint. From a practical standpoint it is inconse-
quential because it only occurs for specimens with very low com-
pressive strength (f 0�c < 5 MPa). Also worthy of mention is the
marked heteroscedasticity of the data presented in Figs. 6–10
The aberrant distribution of residuals in Figs. 6–10 are also worthy
of mention. An underlying assumption of regression modeling is
that the data are homoscedastic, or that the variance is constant
throughout the range of measurement. This suggests that none of
the models presented here for strength prediction in AAF concrete
are entirely appropriate, although the data seem to become more
homoscedastic with increasing model order. With some of the
higher-order models (e.g., the cubic model of Eq. (7) and Fig. 10),
only the heat-cured strength data are heteroscedastic.

The efficiency of the proposed models can also be evaluated
numerically using the BIC as defined by Eq. (1). A comparison of
model order, number of model terms, and BIC for the proposed
models is given in Table 3. Even with a heavy penalty for overfit-
ting, the optimal model for compressive strength prediction in
sodium silicate-activated fly ash is shown numerically to be the
cubic model of Eq. (7). With 17 terms in five variables, this is argu-
ably not an economical predictive model. Furthermore, the
difference in BIC numbers is only slight, representing a 9%
improvement in BIC over the next best models, both of which



Fig. 7. Predicted compressive strength f 0c vs. measured compressive strength f 0�c for
AAF (Linear with interactions).

Fig. 8. Predicted compressive strength f 0c vs. measured compressive strength f 0�c for
AAF (Quadratic without interactions).

Fig. 9. Predicted compressive strength f 0c vs. measured compressive strength f 0�c for
AAF (Quadratic with interactions).

Fig. 10. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AAF (Cubic with interactions).

Table 3
Model ranking for compressive strength of AAF concrete.

Model Equations Terms BIC

Linear without interactions (3) 6 3517
Linear with interactions (4) 9 3314
Quadratic without interactions (5) 8 3411
Quadratic with interactions (6) 9 3314
Cubic with interactions (7) 17 3018
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had half the number of terms, and a 14% improvement over the
simplest model with one-third the number of terms. Nevertheless,
the evidence shown in Fig. 10 suggests that the cubic model pro-
vides the best prediction of compressive strength, and the BIC
number suggests that the same model provides the most efficient
prediction of compressive strength. Overall, none of the models
presented here predict the compressive strength extremely well
or with extreme efficiency.
4.2.2. AASC concrete
In the same manner, five models of increasing order were fit to

predict the compressive strength of AASC concrete. These are given
by Eqs. (8)–(12) for model classes 1–5, respectively. Similar conclu-
sions may be drawn from these models as were drawn from those
for AAF concrete. As with the proposed models for the compressive
strength of AAF concrete, those for AASC concrete all include
terms for curing condition, sodium oxide concentration, silica



Fig. 11. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AASC (Linear without interactions).

Fig. 12. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AASC (Linear with interactions).

322 R.J. Thomas, S. Peethamparan / Construction and Building Materials 141 (2017) 315–324
concentration, and silica modulus. All but the highest order model
(the cubic model of Eq. (12)) include terms for solution-to-binder
ratio, while Eq. (12) includes terms for the free water-to-binder
ratio. None of the models include terms for both. Regardless of
model order, this again suggests that while three terms describing
the activator composition are necessary, only one describing the
water content is necessary. Evidence suggests that the solution-
to-binder ratio provides a better prediction of compressive
strength than the free water-to-binder ratio.

It is interesting to note the similarity in coefficients between
models. The coefficient on the term T is identical for all but Eq.
(11). Moving from lower-order models to higher-order models
did not significantly alter the lower-order terms. In other words:
Fitting a higher-order model simply adds higher-order terms and
adjusts coefficients. In contrast, fitting higher order models for
AAF concrete resulted in different lower-order terms in many
cases. This suggests that, while the algorithm struggled to produce
a well-fitting model for AAF concrete, even the lower-order models
for AASC concrete fit reasonably well.

f 0c ¼ 10:71þ 2:545T þ 7:300N þ 1:330Sþ 11:09m� 49:05s ð8Þ

f 0c ¼ �10:14þ 2:545T þ 5:202N þ 13:32Sþ 13:93m� 15:47s

� 0:2814NS� 2:137mS� 8:873Ss ð9Þ

f 0c ¼ �37:48þ 2:545T þ 4:524N þ 5:141Sþ 28:76m

þ 116:5sþ 0:3130N2 � 0:2743S2 � 5:000m2 � 181:7s2 ð10Þ

f 0c ¼ �13:41þ 1:604T þ 4:594N þ 8:270Sþ 29:17m

� 17:61sþ 0:2366TS� 8:259Ss þ 0:3177N2

� 0:2231S2 � 5:099m2 ð11Þ

f 0c ¼ 21:29þ 2:545T � 18:05N þ 19:06S� 24:12w

� 5:815Ssþ 4:947N2 � 1:297S2 � 0:3530N3

þ 0:0343S3 ð12Þ
The predicted compressive strength f 0c according to the pro-

posed model Eqs. (8)–(12) is plotted against the average compres-
sive strength f 0�c each batch of AASC concrete in Figs. 11–15,
respectively. In the same manner as before, the linear regression
line and coefficient of correlation are plotted on the same figures.
The overall goodness of fit was much improved over the predictive
models for AAF concrete. The slope of the regression line in each
case was very near unity. For all but the simplest model (the linear
model of Eq. (8) and Fig. 11), the coefficient of correlation was 95%
or better. The higher-order model Eqs. (9)–(12) all offer excellent
goodness of fit, and it is impossible to select any one that is better
than the others based on this information.

A numerical analysis of model efficiency using BIC is presented
in Table 4. The BIC numbers for AASC models are almost twice
those for AAF models, which is a result of the increased sample size
(recall that BIC¼ k lnn� 2‘̂, where n is the sample size, and that
BIC is minimized). The number of model terms was generally less
in AASC models than in AAF models (e.g., 20 terms in the cubic
model for AAF concrete vs. 10 in that for AASC concrete). The opti-
mal model according to the BIC comparison was the quadratic
model with interactions of Eq. (11), although the quadratic model
without interactions of Eq. (10) was a very close second and
included one fewer term. Either model represented about a 18%
improvement in BIC over the linear model of Eq. (8). Again, there
is some value in considering the validity of a small improvement
in model criterion at the cost of a twofold increase in model com-
plexity. Nonetheless, the analysis in Figs. 11,12 suggests that the
higher-order models of Eqs. (9)–(12) were much better than the
linear model without interactions of Eq. (8). As such, either quad-
ratic model with or without interactions is a clear choice.
5. Summary

A comprehensive experimental study of the effects of curing
condition, sodium oxide dosage, silica dosage, silica modulus,
solution-to-binder ratio and water-to-binder ratio on the
compressive strength of sodium silicate activated fly ash and slag
cement concrete was performed. The individual effects of each
variable were investigated. For both binders and within the ranges
investigated here, the compressive strength increased with sodium



Fig. 13. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AASC (Quadratic without interactions).

Fig. 14. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AASC (Quadratic with interactions).

Fig. 15. Predicted compressive strength f 0c vs. measured compressive strength f 0�c
for AASC (Cubic with interactions).

Table 4
Comparison of models for compressive strength of AASC concrete.

Model Equation Terms BIC

Linear without interactions (8) 6 5565
Linear with interactions (9) 9 4787
Quadratic without interactions (10) 10 4584
Quadratic with interactions (11) 11 4560
Cubic with interactions (12) 10 4697
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oxide dosage and silica dosage. Similarly, the compressive strength
decreased with free water-to-binder ratio. The effects of silica
modulus and solution-to-binder ratio were mixed and less clear.

Mathematical models were developed to predict the compres-
sive strength based on the aforementioned variables. Models were
determined by stepwise regression analysis and ranked by Baye-
sian Information Criterion. A simple linear model can predict the
compressive strength of alkali-activated slag cement concrete with
reasonable accuracy. A quadratic model can do the same with
excellent accuracy and efficiency. The best model for the compres-
sive strength of sodium silicate-activated slag cement concrete was
quadratic function of the curing condition, sodium oxide dosage,
silica dosage, silica modulus, and solution-to-binder ratio. This
model performed very well with and without the inclusion of
interaction effects. The compressive strength of sodium silicate-
activated fly ash concrete was difficult to predict even using a cubic
function with twenty terms and the same predictors. The most effi-
cient models for both binders did not include terms for the free
water-to-binder ratio, suggesting that the solution-to-binder ratio
is more important in predicting compressive strength. Meanwhile,
three terms describing the activator concentration (sodium oxide
dosage, silica dosage, and silica modulus) were necessary for accu-
rate prediction of compressive strength.
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