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Abstract: Granulated blast-furnace slag (GBFS) and coal fly ash (CFA) are two well-known constituents
in Portland cements. Ternary Portland cements (GBFS-CFA-K) provide environmental advantages
by reducing Portland cement clinker (K) production and, therefore, promote lower CO2 emissions.
Nevertheless, both of them cause a delay in the compressive strength gain. Given that, the early
compressive strength for both constituents is low, but they improve the compressive strength at
medium and later ages as consequence of the pozzolanic reaction. In this paper, a full factorial design
with two levels was developed for the mortar compressive strength estimation at 2, 7 and 28 days.
Mortar prisms made with 25% and 40% of granulated blast-furnace slag (GBFS) and/or coal fly ash
(CFA) were tested. The effects of the interaction between GBFS and CFA on the compressive strength
development of ternary Portland cement mortars were reported. Results show that the contribution
of both cement constituents to the ternary mortar mix reduces the compressive strength for all the
tested ages. Nevertheless, the finer the GBFS, the better ternary cement performance was achieved,
showing that the synergistic effect is more effective when the finer GBFS is used, probably due to
a more adequate particle size distribution. Finally, a relationship between compressive strength,
fineness, GBFS content and CFA content was found for each age.

Keywords: sustainable cement-based materials; eco-friendly construction and building materials;
ternary cements; coal fly ash; granulated blast-furnace slag; compressive strength; synergy

1. Introduction

Ternary cement is one that contains Portland cement clinker and two other cement constituents in
Portland cement, blended either at the cement mill or blending device. The use of ternary cements has
been proposed to decrease the environmental impact of Portland cement production, mainly because
these cements need smaller amounts of clinker and, therefore, a portion of CO2 emissions are avoided.
Their utilization is being enhanced in order to reach the target of lowering greenhouse gas emissions
(GHG), carbon dioxide in particular, to 50–55% below 1990 levels in 2030, according to the roadmap for
moving to a competitive low carbon economy in 2050 [1].

The global production of Portland cement was reported to be 4.65 billion tons in 2016 [2] and is
predicted to surpass 7 billion tons in 2050. Such cement production demands a significant amount of
natural resources and energy, accounting for higher share of CO2 emission. Currently, the production
of one ton of Portland cement emits about 0.87 tons of carbon dioxide [3]. This value would be reduced
significantly by using ternary cements.
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In particular, clinker replacement is considered as one of the main reductions levers for the
cement industry [4]. Nowadays, clinker is mostly replaced with industrial wastes such as ground
granulated blast-furnace slag and coal fly ash or natural rocks as limestone and natural pozzolans.
Also, other constituents include silica fume, artificial pozzolans and so on.

Ternary cements usage is a good solution to reduce the environmental impact of the cement
industry and is promoted nowadays though the European standard for common cements. According to
the European standard EN 197-1 [5], the ternary cements included are named composite cements, CEM
V, which contains 40–64% of clinker, 18–30% of blast-furnace slag (S) and 18–30% of coal fly ash (V)
and/or natural pozzolan (P) and/or calcined pozzolan (Q) in the case of CEM V/A. For the composite
cement CEM V/B, these ranges are 20–38%, 31–50% and 31–50%, respectively. This standard is currently
under revision. The new prEN 197-5 [6] includes a series of novel ternary cements with blast-furnace
slag (S) or coal fly ash (V) mixed with limestone (L, LL) up to 20%. In these cases, the clinker amount
will be lowered to a range from 35% to 49% (CEM VI). Other materials in combination with Portland
clinker, such as silica fume (D) or calcareous fly ash (W) are not currently standardized in ternary
mixes. The novelty comes from the increase of usage in Portland cements.

The share of non-CEM I cements production in the EU (CEMBUREAU countries) has risen by 13%
to 75% between 1994 and 2010 [7], calculated with regards to all EU cement production. This fact is a
result of the International Energy Agency (IEA) and World Business Council for Sustainable (WBCSD)
recommendations for promoting the development of new cements [8]. Given that, the CEN Technical
Report CEN/TR 16912, published in May 2016, provides the guidelines for a procedure to support
the European standardization of new cements. To even better stimulate the use of ternary cements,
it would be necessary to assess their suitability for use for cement-based materials.

Blast-furnace slag is characterized by its pozzolanicity and hydraulicity when finely ground,
which contributes to its durability and long-term compressive strength [9], while an optimum dosage of
coal fly ash also has a beneficial effect on the early age compressive strength due to its early pozzolanic
reactivity. Ternary cements with ground blast-furnace slag, coal fly ash and Portland cement clinker
should have particularly interesting outcomes after combining their early age and later age properties’
development and their synergetic effects. Ternary cements have been studied by several researchers
by combining limestone with blast-furnace slag [9–14], coal fly ash [15,16], natural pozzolan [17] or
metakaolin [18]. Some other researchers reported improvements in compressive strength in ternary
systems containing different amounts of silica fume and coal fly ash [19–22] or blast-furnace slag [23].
In particular, ternary cements made with blast-furnace slag and coal fly ash have also been studied.
Kashani et al. [24] modeled the yield stress of ternary cement–slag–fly ash pastes based on particle size
distribution data; Douglas and Pouskouleli [25] and Wang and Chen [26] developed prediction models
of compressive strength of mortars made with cement–GGBFS–fly ash ternary mixtures. High strength
concrete applications of ternary mixtures were explored by Erdem and Kirca [27]. In all these studies,
the synergies of ternary binders in hydration reactions were more or less evident [28]. Quaternary mixes
of fly ash, blast furnace slag with silica fume [29] or limestone [30] represent a step forward on this
issue. In addition to mechanical performance studies, the durability of these new binders has been
studied. In particular, Alonso et al. [31] have studied the corrosion of steel of concrete embedded in
these binders. The higher the addition content, the lower the pH of the pore solution is. Accordingly,
the higher risk of corrosion could be expected in ternary and quaternary cements.

According to Tan et al. [32] and Li and Zhao [33], Portland cement:GBFS:CFA ternary systems
provide higher mechanical strength at all ages than the corresponding binary systems, especially when
CFA and GBFS are finely ground (6000 cm2/g) [32]. In contrast, Jeong et al. [34] did not found any
significant differences in the mechanical performance of 40%:40%:20% and 40%:50%:20% Portland
cement:GBFS:CFA ternary systems.

In addition, Fernández et al. [28] reported that the Portland cement chemical composition
strongly influences the synergistic effect between GBFS and CFA in ternary cementitious systems. As a
result, CFA reactivity is improved when GBFS has a high Al2O3 content in agreement with other
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researchers [32,33]. They also found that monocarboaluminate is formed at early ages when the
Portland cement presents high amounts of alumina, leading to a compressive strength decrease. On the
other hand, hydrotalcite, monocarboaluminate and hemicarbonate are produced at later ages instead
of monosulfate when low aluminate and alkali cements are used in the ternary system. In general,
low aluminate and alkali amounts in the Portland cements negatively affects the early compressive
strength of the ternary cement made with GBFS and CFA. Recently, the effect of quaternary cementitious
systems containing limestone began being developed [35,36].

Optimization for ternary cement constituent proportions has been performed by several
authors [9,13,22,23,26]. However, only a few studies dealing with the optimization for ternary
cement constituent proportions of clinker-blast-furnace slag-coal fly ash have been reported [26].
In most of the cases, the final result in the ternary cement has been obtained as a consequence of the
combination of the individual properties of all the constituents and their synergy.

The aim of this study is to assess the compressive strength performance of mortars made with
newly developed ternary cements combining a Portland cement (CEM I 42.5 R) with two different
ground granulated blast-furnace slags and one coal fly ash, in comparison with a reference mortar
made only with CEM I 42.5 R [5]. Ground granulated blast-furnace slags had high or low fineness to
evaluate its effect in the mechanical performance. Optimization of these ternary Portland cements has
been made with a statistical factorial design of experiments. The main effects of these ternary cements
on two, seven- and 28-days compressive strength are presented.

2. Experimental

2.1. Materials

A Portland cement CEM I 42.5 R according to the European standard EN 197-1 [5] and two cement
constituents (ground granulated blast-furnace slag and coal siliceous fly ash supplied by Cementos
Tudela Veguín, S. A. (Aboño, Spain) were used to prepare the ternary cements in the laboratory.
They have been characterized at the chemical and physical levels. Their chemical properties are given
in Table 1. Chemical analyses of SiO2, Al2O3, Fe2O3, CaO, MgO, SO3, Na2O, K2O, loss on ignition
(LOI), insoluble residue (IR) and Cl− were performed according to the European standard EN 196-2.
The free lime in the cement and coal fly ash was 1.31% and 0.5%, respectively. With regard to the GBFS,
the reactive CaO and reactive silica were 3.84% and 44.78%, respectively. The ground granulated
blast-furnace slag was ground in a ball mill to achieve two different fineness levels: 3489 cm2/g and
4630 cm2/g. Cement and coal fly ash fineness was 3246 cm2/g and 3772 cm2/g, respectively, determined
according to EN 196-6. Cement and coal fly ash density was 3.12 g/cm3 and 2.4 g/cm3, respectively.

Table 1. Chemical compositions of cements determined according to EN 196-2 (%).

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI IR 1 Cl−

CEM I 42.5 R 20.51 4.30 3.01 60.38 3.61 3.14 0.16 0.81 2.78 1.44 0.05
Blast-furnace slag 35.96 10.61 0.40 42.89 7.10 2.02 0.30 0.46 0.00 – –

Coal fly ash 53.79 19.54 10.20 4.44 1.83 0.84 2.03 1.83 1.73 17.41 –
1 Insoluble residue determined by the Na2CO3 method (European standard EN 196-2).

Blast-furnace slag and coal fly ash meet the requirements from standard EN 197-1regarding the
characteristics of the cement constituents.

2.2. Mix Design and Mortar Preparation

This study focuses on Portland cement clinker (K)—blast-furnace slag (S)—coal fly ash (V)—based
ternary cements (K-V-S). The composite cements were prepared by mixing CEM I 42.5 R with these
cement constituents (two ground granulated blast-furnace slags and one coal siliceous fly ash) and the
different proportions of these studied ternary mixes are illustrated in the ternary diagrams shown in
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Figure 1. Blast-furnace slag and coal siliceous fly ash content was 25% or 40%, therefore, the CEM I
amount was 20%, 35% or 50% (Table 2). CEM I 42.5 R was also used as a reference (100%).

Figure 1. Ternary cements CEM I-ground granulated blast-furnace slags-coal siliceous fly ash.

Table 2. Codes and proportions of the ternary cements.

Code Cement (%) S (%) V (%) S—Fineness (cm2/g)

SA0VA0 100 0 0 –
SA25VA25 50 25 25 3489
SA40VA25 35 40 25 3489
SA25VA40 35 25 40 3489
SA40VA40 20 40 40 3489
SB25VA25 50 25 25 4630
SB40VA25 35 40 25 4630
SB25VA40 35 25 40 4630
SB40VA40 20 40 40 4630

These raw materials were mixed in the proportions shown in Table 2 to obtain eight different
ternary cements. The first column shows the mixture code, which is composed of two letters SA or SB
depending on the fineness of the slag given in the fifth column, followed by the content of the slag
(25 or 40%). The next two letters, VA, followed by the numbers indicate the fly ash content (25 or
40%). Then, mortar prismatic specimens (40 × 40 × 160 mm) were made with distilled water and CEN
sand according to the European standard EN 196-1. The cement/sand ratio was 1/3 and water/cement
ratio was 0.50. The specimens were demolded 24 ± 1 h after casting and stored for two, seven or
28 days under water saturated in lime. They were kept in different containers to avoid any interference
between the potential ion diffusion of the tested mixtures.

2.3. Compressive Strength

The specimens were tested for compressive strength at two, seven or 28 according to the European
standard EN 196-1. The average value recorded from six hemi-specimens was taken.

3. Results

3.1. Compressive Strength

The mechanical properties of the ternary cements were determined and nearly all of them meet the
requirements from the European standard EN 197-1 regarding 28-days compressive strength, as shown
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in Figure 2. The failure mode for all the mortar mixtures revealed that there is no difference between
the tested specimens.

Figure 2. Compressive strength at 2, 7 and 28 days. The red line is at 32.5 MPa.

Ternary cements with 40% GBFS and 40% CFA (SA40VA40 and SB40VA40) do not reach the
minimum compressive strength for the 32.5 N compressive class (16 MPa at 7 days and 32.5 MPa
at 28 days), independently of the slag fineness. Therefore, these types of ternary cements are not
recommended for structural applications [37]. However, it could be used in non-structural usages.
All the rest meet the standardized requirements for the 32.5 N compressive class. Conversely, only
ternary cements with 25% granulated blast-furnace slag and 25% coal fly ash (SA25VA25 and SB25VA25)
reach the minimum compressive strength for the 32.5 R compressive class (10 MPa at 2 days and
32.5 MPa at 28 days).

At early ages (2 and 7 days) SA provides similar compressive strengths than SB (Figure 2).
However, at later ages, (28 days) this similarity is apparently ended by the faster pozzolanic reaction
development in the finer binder [17].

The higher fineness of granulated blast-furnace slag (GBFS) increases the 28 days compressive
strength of ternary cements containing about 25–40% GBFS and 20–40% coal fly ash (CFA), but by
lower amounts than Portland cement alone. A synergistic effect in ternary cements is more effective
in finer GBFS, as it notably improved the mechanical strength at 28 days, probably due to a denser
microstructure. Summing up, the finer the granulated blast-furnace slag (GBFS), the better its
performance at older ages.

3.2. Full Factorial Design

A full factorial design in two levels, named high and low and designated as +1 and−1, respectively,
with three factors was utilized. This full factorial design with three factors, each at two levels, has eight
runs (Table 3).
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Table 3. Experimental setup.

Run Experimental Point Experimental Matrix Experimental Plan Response (Compressive Strength)

X1 X2 X3 S (%) V (%) Fineness
(cm2/g)

R2D
(MPa)

R7D
(MPa)

R28D
(MPa)

1 y1 − − − 25 25 3489 14.80 29.30 44.80
2 y2 + − − 40 25 3489 8.60 24.30 42.30
3 y3 − + − 25 40 3489 8.70 19.20 34.90
4 y4 + + − 40 40 3489 4.20 13.80 28.60
5 y5 − − + 25 25 4630 14.50 29.60 47.70
6 y6 + − + 40 25 4630 9.30 23.50 42.20
7 y7 − + + 25 40 4630 8.20 18.40 35.70
8 y8 + + + 40 40 4630 4.10 14.00 30.20

Grand
Mean 9.05 21.51 38.30

The details of the full factorial design are as follow:

• Factor X1: Blast-furnace slag, S, with levels 25% and 40%.
• Factor X2: Coal fly ash, V, with levels 25% and 40%.
• Factor X3: Fineness (3489 cm2/g and 4630 cm2/g).
• Unit: MPa.
• Response variable 1: Deviation from the actual 2-days compressive strength.
• Response variable 2: Deviation from the actual 7-days compressive strength.
• Response variable 3: Deviation from the actual 28-days compressive strength.

Figure 3 shows the general scheme of the full factorial experimental design for 2-days, 7-days
and 28-days. In the corners, the compressive strength results are given, whereas their differences are
placed along the edges of the cube.

Figure 3. Cont.
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Figure 3. Scheme of the full factorial experimental design: (a) 2-days; (b) 7-days; (c) 28-days.
Compressive strength results at the corners (MPa).

The minus symbol (−) in Table 3, stands for factors X1, X2 and X3 at the low level; the plus symbol
(+) depicts factors X1, X2 and X3 at the high level.

The highest compressive strength at two days was found for the SA25VA25 ternary cement; seven
days and 28 days were the equivalent results for the SB25VA25 ternary cement. The only difference
was the ground granulated blast-furnace slag fineness. In contrast, the lowest compressive strength at
two days was found in the SB40VA40 ternary cement; seven days and 28 days were the equivalent
results for the SA40VA40 ternary cement. Once again, the difference between the results at early age
(two days) and later ages (seven and 28 days) was attributed to the ground granulated blast-furnace
slag fineness.



Sustainability 2020, 12, 5783 8 of 15

In general, the higher ground granulated blast-furnace slag and coal fly ash amount, the lower
compressive strength for all the tested ages. These results are in accord with other ones [9–11].

The Grand Mean or the global average of the results is 9.05, 21.51 or 38.30 MPa at two, seven or
28 days, respectively (Table 3). The results average for X1− (i.e., factor X1 run at low level) at two days
is 11.55 MPa ((14.80 + 8.70 + 14.50 + 8.20)/4). Table 4 collects all the average of the results calculated
for the three responses considered in this paper. All the factors run at a low level, X1−, X2− and X3−,
showed higher mean compressive strength than the factors run at a high level, X1+, X2+ and X3+.
Nevertheless, the difference between the high and the low-level decreases from 2 to 28 days due to the
effect of the pozzolanic reaction development at older ages [28].

Table 4. X1, X2, X3 averages, main effects and main effects squared at low and high levels (compressive
strength, MPa) and Sum of Squares (SS).

Average Main Effect Main Effect Squared Sum of Squares

Days Level X1 X2 X3 X1 X2 X3 X1 X2 X3 SSA SSB SSC

2
low 11.55 11.80 9.08 2.50 2.75 0.03 6.25 7.56 0.0006

50 60.5 0.005high 6.55 6.30 9.03 −2.50 −2.75 −0.03 6.25 7.56 0.0006

7
low 24.13 26.68 21.65 2.61 5.16 0.14 2.61 5.16 0.14

54.6 213.2 0.151high 18.90 16.35 21.38 −2.61 −5.16 −0.14 −2.61 −5.16 −0.14

28
low 40.78 44.25 37.65 2.48 5.95 −0.65 6.13 35.40 0.43

49.0 283.2 3.4high 35.83 32.35 38.95 −2.48 −5.95 0.65 6.13 35.40 0.43

The main effects or effect size were calculated subtracting the factor average from the Grand
Mean (Table 4). They establish which factors have the most relevant effects on the results. Therefore,
at early ages (2 and 7 days) the effect of the three factors is very small and it sharply increases at
28 days. Consequently, the study of the main effects is a quick and efficient tool to visualize the effect
size. Finally, Table 4 shows the sum of squares (SS). For the treatment of the data and assessing the
significance of each factor, based on the effect determinations, an ANalysis Of Variance (ANOVA)
was used.

The larger effect size of factor X1 (slag) at two days than at the other two ages is striking. Also,
the larger effect size of factor X3 (fineness) at 28 days than at early ages is prominent, whereas the effect
size is nearly null. With regard to factor X2, the only remarkable fact is the similar effect size recorded
from two to 28 days. Average effects are shown in Figure 4.

Figure 4. Cont.
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Figure 4. Average effects for compressive strength results at 2, 7, and 28 days, for slag (a), fly ash (b),
and fineness (c).

3.3. Interaction Effects

Once the average and main effects for each factor have been assessed, the interactions between
all the three factors must be calculated. An interaction would take place when one factor influences
the compressive strength results diversely depending on a second factor. Given that, interaction
effects for all the factor combinations were calculated. For instance, to assess the X1–X2 interaction
effects, the average of factors X1 and X2 at the low level, (44.8 + 47.7)/2 = 46.25, and at the high level
(28.6 + 30.2)/2 = 29.4 were calculated.

In order to get the average value for each of the levels of X1X3 and X2X3, the same procedure was
followed. This experimental design has eight runs or observations and eight X1X2X3 interaction levels,
as shown in Table 5.

Table 5. X1, X2, X3 interaction effects setup and results.

Run
Effect Matrix

Average X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3

1 + − − − + + + −

2 + + − − − − + +
3 + − + − − + − +
4 + + + − + − − −

5 + − − + + − − +
6 + + − + − + − −

7 + − + + − − + −

8 + + + + + + + +

2-days comp. strength 9.05 −5 −5.5 −0.05 0.70 0.35 −0.25 −0.15

7-days comp. strength 21.51 −5.22 −10.32 −0.28 0.33 −0.03 −0.03 0.53

28-days comp. strength 38.3 −4.95 −11.9 1.3 −0.95 −0.55 −0.1 0.95

Note: Interaction effects: Average = (+ y1 + y2 + y3 + y4 + y5 + y6 + y7 + y8)/8; X1 = (− y1 + y2 − y3 + y4 − y5 + y6
− y7 + y8)/4; X2 = (− y1 − y2 + y3 + y4 − y5 − y6 + y7 +y 8)/4; X3 = (− y1 − y2 − y3 − y4 + y5 + y6 + y7 + y8)/4;
X1X2 = (+ y1 − y2 − y3 + y4 + y5 − y6 − y7 + y8)/4; X1X3 = (+ y1 − y2 + y3 − y4 − y5 + y6 − y7 + y8)/4; X2X3 = (+
y1 + y2 −y3 − y4 −y5 −y6 + y7+ y8)/4; X1X2X3 = (− y1 + y2 + y3 − y4 + y5 − y6 − y7 + y8)/4.
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The effect size was determined by subtracting the average from the partial fit, which is the effect
of all the factors. Given that, such partial fits are the Grand Mean for the main effects. Therefore,
the X1X2 effect is given by Equation (1):

X1X2 effect = X1X2Avg.− effect of X1 + effect of X2 + Grand Mean (1)

Figure 5 provides the 2-way effects or interactions for all the three factors. Therefore, it shows the
most influential factors and the impact of each factor combination. To visualize these effects, the Y axis
is always the same for each combination of factors. The more different the slope, the more influence
the interaction effect has on the compressive strength result. In Figure 5, all the lines are nearly parallel
at two and seven days; therefore, it can be seen that there is not a clear interaction between the three
factors with regard to the compressive strength at early ages. By contrast, all the three factors interact
slightly in the 28-days compressive strength outcome. In this case, it is critical to identify how these
factors interact in affecting the 28-days compressive strength results. As expected, the X1X2 (slag-fly
ash) interaction effect is the largest, followed by the X1X3 (slag-fineness) and X2X3 (fly ash-fineness)
interaction effects.

Figure 5. Interaction plots for compressive strength at two- (top), seven- (middle) and 28-days (bottom),
for fly ash (a) and fineness (b,c).
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Finally, for three−way interactions, the effect size was calculated by simply subtracting the partial
fit from the corresponding average. For instance, the X1X2X3 effect when X1 and X2 levels are high
and X3 level is low (X1+X2+X3−) was calculated by using Equation (2):

Effect of (X1+X2+X3−) = (X1+X2+X3−) Avg.- (effect of X1 + effect of X2 + effect of X3
+ effect of X1X2 + effect of X1X3 + effect of X2X3 + Grand Mean

(2)

3.4. ANalysis Of Variance (ANOVA)

ANalysis Of Variance (ANOVA) is the statistical technique which consists of simultaneous
hypothesis tests to assess if any of the effects are significant. For each main factor and interaction,
some determinations have been performed (Table 6) [22]. The results display that there is one significant
parameter, X2 (amount of fly ash), at 2, 7 and 28 days, but only X1 (amount of slag) at 28 days. This fact
is a consequence of the well−known pozzolanicity of fly ash and GGBFS, which starts at older ages.
The probability of observing an F-value that is at least as large as the F-value our study obtained is
assessed. This probability is low enough to reject the null hypothesis using the common significance
level of 0.05 for X2 at 28-days and 7-days, and for X1 and X2 at 2-days. We can conclude that not all the
group means are equal. In addition, p-values evaluate how well the sample measures support the
argument that the null hypothesis is true. Furthermore, p-values only address how likely the data
outcomes are, assuming a true null hypothesis, and they do not support the alternative hypothesis.
Accordingly, the p-value, or statistical significance, does not measure the size of an effect and in itself
does not provide a good measure of evidence regarding a model.

Table 6. ANalysis Of Variance (ANOVA).

SOURCE DF SS MS F p-Value F-Critical Value Remark

28-days

X1 1 49.005 49.005 27.15 0.105 161 Not significant
X2 1 283.220 283.220 156.91 0.139 161 Significant
X3 1 3.380 3.380 1.87 0.177 161 Not significant

X1 × X2 1 1.805 1.805 1.00 0.374 161 Not significant
X1 × X3 1 0.605 0.605 0.34 0.705 161 Not significant
X2 × X3 1 0.020 0.020 0.01 0.500 161 Not significant

Error 1 1.805 1.805
Total 7 339.84

7-days

X1 1 54.601 54.603 99.05 0.105 161 Not significant
X2 1 213.211 213.211 386.78 0.139 161 Significant
X3 1 0.151 0.151 0.27 0.177 161 Not significant

X1 × X2 1 0.211 0.211 0.38 0,374 161 Not significant
X1 × X3 1 0.001 0.001 0.00 0.705 161 Not significant
X2 × X3 1 0.001 0.001 0.00 0.500 161 Not significant

Error 1 0.551 0.551
Total 7 268.73

2-days

X1 1 50.00 50.00 1111.1 0.105 161 Significant
X2 1 60.50 60.50 1344.4 0.139 161 Significant
X3 1 0.005 0.005 0.11 0.177 161 Not significant

X1 × X2 1 0.980 0.98 21.78 0.374 161 Not significant
X1 × X3 1 0.245 0.25 5.44 0.705 161 Not significant
X2 × X3 1 0.125 0.13 2.78 0.500 161 Not significant

Error 1 0.045 0.05
Total 7 111.90
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3.5. Modeling Approach

Three polynomial regression equations were obtained by using a central composite factorial
design. They can be used to assess the factor interactions. Then, it is possible to identify the significant
factors in the regression model. The ANalysis Of Variance (ANOVA) for the fitted equations shown in
Table 7 provides the performance of the factorial design. The results of this analysis demonstrated that
the equations adequately estimated the response and significant variables relationship. The factorial
design is normally utilized for fitting the second order equation by the regression method (Equation (3)).

Compressive strength(MPa) = β0 +
n∑

i�1

βixi +

 n∑
i�1

βixi

2 +
n−1∑

i�1

n∑
j�i+1

βi jxix j

 (3)

where β0 is the constant term and βi is the linear effect of the input factor xi (slope). Then, the rest of
the terms βij are the linear by linear interaction effects corresponding to the factor xi and xj. The result
achieved with the empirical model considering the significant parameters for 2, 7 and 28-days
compressive strength is shown in Equations (4)–(6), respectively, and Figure 6. Their coefficients of
determination, R2, were 0.9960, 0.9996 and 0.9993 for two, seven and 28 days, respectively.

2−days compressive strength = 31.98 − 0.33 S − 0.37 V − 0.000044 fineness (4)

7−days compressive strength = =56.18 − 0.348 S − 0.688 V − 0.00024 fineness (5)

28−days compressive strength = 70.18 − 0.33 S − 0.79 V + 0.00114 fineness (6)

Figure 6. Three-dimensional response surface plot for compressive strength at 2, 7, and 28 days:
(a) blast-furnace slag-fineness; (b) blast-furnace slag-coal fly ash; (c) coal fly ash-fineness.
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Table 7. The ANalysis Of Variance (ANOVA) for the fitted equations.

Equation Coefficient Estimate Standard Error t-Statistic p-Value

Equation (7)

a1 31.98 1.97 16.22 0.000085
b1 −0.33 0.03 −11.97 0.00028
c1 −0.37 0.03 −13.17 0.00019
d1 −0.000044 0.0004 −0.12 0.91

Equation (8)

a1 56.18 1.46 38.48 0.0000027
b1 −0.348 0.02 −16.90 0.000072
c1 −0.688 0.02 −33.39 0.0000048
d1 −0.00024 0.003 −0.89 0.4241

Equation (9)

a1 70.18 3.44 20.43 0.000034
b1 −0.33 0.05 −6.80 0.0024
c1 −0.79 0.05 −16.36 0.000082
d1 0.00114 0.0006 1.79 0.149

4. Conclusions

Ternary cement is one that contains Portland cement clinker and two other cement constituents
in the cement. This paper reports the statistical synergetic effects of the interaction between
clinker−blast-furnace slag−coal fly ash on the compressive strength development (two, seven and
28 days) of Portland cement mortars. The present approach is based on a factorial experiment design.
It has been observed that mortars made with ternary cements, up to 45% of coal fly ash and 45% of
ground granulated blast−furnace slag, show a good performance regarding compressive strength at
28 days. However, at early ages (two and seven days), no synergic effect has been recorded. This is
due to the slow pozzolanic reaction of both additions. In particular, the compressive strength gain
of the ground granulated blast-furnace slag is quite high at later ages. The statistical study revealed
a slight interaction of fineness and amount of fly ash and slag after 28 days; whereas at early ages,
no synergistic action was detected. A proportion for cement:slag:fly ash of 50:25:25 yielded marked
improvements on 2-, 7- and 28-days compressive strength in comparison with 35:40:25 and 35:25:40
compressive strength. Synergistic action in the ternary cements improved the long−term compressive
strength of the mortars and yielded a better performance of the mortar that was attributed to a denser
microstructure. Finally, three predictive models to estimate the 2-, 7- and 28-days compressive strength
have been obtained from the constituent proportions data:

2−days compressive strength = 31.98 − 0.33 S − 0.37 V − 0.000044 fineness (7)

7−days compressive strength = =56.18 − 0.348 S − 0.688 V − 0.00024 fineness (8)

28−days compressive strength = 70.18 − 0.33 S − 0.79 V + 0.00114 fineness (9)

Their coefficients of determination, R2, were higher than 0.99. Therefore, they are suitable for the
tested ternary cements. Compressive strength predictions will have a positive impact on the proper
use of the ternary cements depending on the final applications.
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