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Abstract: The use of waste materials in road construction is becoming widely spread due to 
economic and environmental needs. Construction and demolition waste materials and mining 
residues have been studied for a long time. However, the use of fine materials, mainly from mine 
tailing and mining residue, is still complex, as they can be used as inert materials into the mix or can 
become a reactive agent in geopolymer mixes. In the present paper, an experimental application of 
basalt powder is proposed in the geopolymerisation reaction to produce artificial aggregates. In 
order to understand the input and output variables’ interactions used in the mix design, a statistical 
method called Design of Experiments was applied. With this design approach, it was possible to 
optimize the mix design of the experimental geopolymer mortars. The study evaluated several 
mixes with respect to their workability, compressive strength, and success rate of aggregates 
production. Finally, a model for predicting compressive strength is proposed and evaluated. 

Keywords: design of experiments; geopolymer; artificial aggregates; mixture design; waste powder 
recycling 
 

1. Introduction 
The road construction industry is targeting greener solutions, and aggregate 

recycling has now become a necessary approach for many authorities and practitioners; 
for instance, a number of research projects and pilot trials are aiming to achieve consistent 
pavement performance when recycling up to 100% of reclaimed asphalt concrete. A broad 
set of other projects worldwide are dealing with the recycling of construction and 
demolition waste materials [1–3]. Nevertheless, aggregate quarries must still keep up with 
the global demand for virgin aggregates, especially required to construct the road surface 
layers with specific features (porous asphalt, stone mastic asphalt, microsurfacings, etc.) 
[4]. In this context, regarding the plant production processes for aggregates, the milling 
and crushing stages are usually followed by screening and washing prior to final 
stockpiling. Large amounts of mineral wastes are often produced, and therefore, it is 
important to research alternative solutions to reduce their impact on the environment. 
These waste materials, mostly mineral powder from plant processes, are becoming an 
environmental issue that requires landfilling limitations and strict legislation on their 
disposal [5]. 

Most of these fines cannot be directly used in cement concrete, cement bound layers, 
or bituminous layers, as they do not meet the requirements of the technical specifications, 
which are generally based on virgin materials’ properties. Therefore, they need to be 
characterized according to the EN 13043, which specifies the properties of the aggregate’ 
for road applications [6]. In some cases, their direct use might hinder the strength and 
durability of the construction materials. In other cases, their recovery and recycling can 
be difficult and not economically feasible. However, some interesting and promising 
results have been obtained [7–9]. 
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In the stream of the mentioned recycling approaches and, in order to overcome the 
above limitations and provide an alternative use to the scrap fine minerals, emerging 
solutions make use of the geopolymerisation techniques. These foresee the recycling of 
waste powders, known as precursors, in the alkali activation process provided by selected 
activators [5,10–12].  

Examples of this approach exist and aim to instill additional value to the waste 
powders, using them as precursors to produce engineered artificial aggregates (either 
dense or expanded). These aggregates provide specific functionalities to the constructed 
layers while replacing the virgin natural materials. Artificial aggregates from the authors 
have shown interesting results when designed to increase friction and reduce noise in 
urban paving solutions [13–15]. Some studies were conducted to assess the use of artificial 
geopolymeric aggregates with interesting results regarding the physical characteristics 
[16,17]. 

The world of geopolymers is expanding, and different applications are today 
possible in various engineering fields, which find them suitable for their properties [11–
13]. In parallel, a number of studies have assessed the environmental footprint of the 
geopolymers in comparison with traditional materials, e.g., cement concrete. The use of 
life cycle sssessment (LCA) methodologies is helping to identify the actual benefits of this 
recycling approach towards a fully circular economy, with the obtained materials being 
re-recyclable. 

The present research aims to characterize a geopolymer mix made of basalt powder 
to create artificial aggregates that have been designed into a specific shape that could 
tackle both noise and skid resistance issues in urban road surfaces. For this purpose, a 
statistical tool called Design of Experiments (DoE) was adopted to select the most suitable 
mix design, based on the material workability and strength and the success rate in the 
production of the artificial aggregates.  

2. Materials 
Geopolymers are synthesized by chemical reactions between silicates and 

aluminosilicate precursors under strongly alkaline conditions. These reactions lead to the 
creation of Si−O−Al−O polymeric bonds. Geopolymerisation is an alkali-activation process 
that changes vitreous structures (either partially or totally amorphous and/or in a 
metastable state) into a compact cementitious compound [18,19]. The inner structure of 
geopolymers and their properties depend mostly on the nature and proportions of the 
material’s origin, the curing time and temperature, and the alkaline activators [19]. In fact, 
they are also called activators because they provide the highly alkaline medium necessary 
to dissolve silica and alumina. These alkaline activators are also responsible for 
stimulating the precursor materials’ hydraulic properties in the process [18]. 

Geopolymer nanostructure has been the focus of many types of research, despite not 
being fully understood yet due to its extreme complexity [20]. The geopolymer material 
is composed of a mix of activators and precursors. Activators are alkaline liquids 
responsible for dissolving the precursors’ structure and form a brand new structure. 
Precursors are usually mineral powders that, when dissolved into an alkaline solution, 
react and, depending on their origin, will provide different characteristics in strength, 
finishing quality, and others. 

Typically, the geopolymer design is made on a trial-and-error basis, mixing different 
precursors and activators’ ratios. This method is used because the chemical reaction is 
very complex, and the materials used as precursors might not have a specific 
characterization. However, it is possible to use the theory from [21] to have a specific mix 
that, using the chemical components from the activators and precursors, allows the 
geopolymers’ production. 
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2.1. Experimental Materials 
As described above, the geopolymer mortar is an alkali-activated mix of activators 

and precursors. The activators are usually liquid and mixed in an alkaline solution with 
precursors, which are raw materials (powders) rich in alumino-silicate oxides and with 
selected reactivity. These components’ reactions generate the geopolymer paste that, 
under specific curing conditions, becomes strong and durable enough to behave as a 
construction material for civil engineering purposes  

2.1.1. Activators  
The adopted activators are a mixture of liquid sodium silicate (SS) and sodium 

hydroxide (SH). Sodium silicate (SS) (Na2SiO3), also commonly known as water glass, is 
an aqueous solution of sodium oxide (Na2O) and silicon dioxide (SiO2) mixed according 
to specific proportions. A solution can be obtained with different properties by changing 
the ratio between SiO2 and Na2O; the solution is suitable for several applications, from the 
construction to the food field. The SS employed in experimentation is a commercial 
product, with a SiO2/Na2O ratio of 1.99 and a viscosity of 150–250 MPa·s at 20 °C.  

Sodium hydroxide (SH) (NaOH) is a very basic NaOH solution, which allows the 
dissolution of the aluminosilicates. It increases the pH, and it compensates for the electric 
charge of the aluminates in the mixture. It is an inorganic compound that is a highly 
caustic base and highly soluble in water. A 10 M SH was used in the present work. 

2.1.2. Precursors 
Different precursors have been used in various research studies, among them fly ash 

[22], metakaolin [5], and blast furnace slag [23]. The type of precursor has a direct impact 
on many mechanical and chemical properties of geopolymers. Inert waste dust could act 
as a filler/aggregate in the geopolymer structure. On the other hand, a reactive amorphous 
waste could act as a precursor in the geopolymer matrix. Therefore, studying the 
precursors’ mineralogy is vital to understand its constituent species and possible 
reactivity [5]. The materials used in this paper were metakaolin and basalt powder. 

2.1.3. Metakaolin Powder 
Calcined kaolinitic clays, otherwise known as metakaolin (MK), were one of the first 

precursors used in geopolymer research. MK’s initial application was mainly in paper and 
plastic industries, where it was used as filler. The composition of metakaolin is mainly 
made of SiO2 and Al2O3 with a small percentage of metal oxides [21].  

When used in cement concrete applications, MK increases the compressive and 
flexural strength of concrete, reduces its permeability, increases its resistance to chemical 
attack, enhances the workability, and increases the durability of the concrete [24]. 
Geopolymers can benefit from the MK qualities, especially as it has a high Al2O3 content, 
being very reactive to the activators [25–27]. In the present work, it was used a commercial 
metakaolin with a size passing 0.063 mm sieve.  

2.1.4. Basalt Powder  
The basalt powder is a residual from the extractions and production processes in 

trachyte quarries. As volcanic rocks, basalt deposits are present in almost every country. 
This lithotype is widely used, depending on each deposit’s intrinsic characteristics, in the 
construction field for its mineralogical, chemical, and physical properties. The extensive 
use of this material for bituminous mixtures and concretes leads to the production of large 
quantities of sands and powders during the crushing of aggregates [5]. The basalt 
powder’s chemical composition is presented in Table 1, based on the Reference Intensity 
Ratio (RIR) method for a semi-quantitative estimate with 10–20% error.  
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Table 1. Chemical composition of the basalt powder (Reference Intensity Ratio (RIR) method). 

Name Composition Percentage
Leucite (K(AlSi2O6)) 44 
Augite  ((Ca,Mg,Fe)2Si2O6) 17 

Anorthite  (Ca(Al2Si2O8)) 12 
Orthoclase  (K(AlSi3O8)) 5 
Muscovite (KAl2(Si3Al)O10(OH)2) 15 

Magnesiohornblende 
ferroan 

(Ca2(Mg4Fe3+) (Si7Al)O22(OH)2) 4 

Magnetite  (Fe2+Fe3+O2) 2 
Ilmenite (Fe2+Ti4+O3) 1 

The data presented here demonstrate that the basalt powder has an interesting 
amount of aluminum and silica. These indicate that the precursors are adequate to create 
a geopolymer, as these minerals are responsible for the proper geopolymer structure 
[20,21].  

3. Methodology 
3.1. Design of Experiments 

For research in every field, the development of experiments is paramount to achieve 
a result. At any given experiment, a set of variables can or cannot be controlled, with 
different degrees of interactions and influences on the experiment’s outcome. In such a 
complex scenario, the use of Design of Experiments (DoE) has been widely employed. 
DoE is a statistical approach used to plan an experiment so that the data can be analyzed 
to a valid and objective conclusion, as it helps understand the correlations between 
variables and their interactions [28].  

In a DoE, the first step is the experiment goal. It can be the optimization of a process 
or responses or could be the study on the effect of individual factors or variables on the 
outcome. After deciding the experiment goal(s), it is necessary to define the boundaries of 
the experiment. The boundaries could be the temperature range of the curing, from 40 °C 
to 70 °C as an example. It will define the experimental region. This must be done to each 
variable that can be controlled, determining the levels for each of the factors.  

In this paper is was used to plan the experiment and define the most appropriate mix 
design for the mixture, aiming for a specific outcome. It allows to understand how the 
input variables interact with each other and how they influence the output variables. An 
attractive property of the DoE is that it is possible to optimize the experiment, reducing 
the number of levels of each variable (factor) or even the number of variables. Thus, 
assessing only the relevant interactions to the desired outcome, the DoE can generally be 
represented as in Figure 1. 

First, there is the controlled input: these inputs gather all the parameters that are 
measurable and controlled by the researcher. An example is the solution pH: it is a 
parameter that it is possible to control and measure, but it remains unchanged throughout 
all the experiments. Moreover, the uncontrolled input is not measured by the researcher, 
either because they are by definition unmeasurable or their control is too difficult or 
useless. As an example, it can be stated that the room temperature variation is an 
uncontrolled input, and maybe within a specific range, it is irrelevant. The input variables 
contain the actual parameters that the researcher will control and assess during the 
experiment, such as curing time and temperature and the amount of each material in the 
mix.  

The outputs are also controlled and uncontrolled. The first one refers to the desired 
and measured actual results of the experiment, such as compressive strength. The former 
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refers to the results that are either not measured or not accurately measured for any 
reason. 

 
Figure 1. Flow chart of the adopted Design of Experiments (DoE). 

It is relevant that when doing any experiment, the researcher is aware of each one of 
these parameters, especially on the DoE, as these parameters will serve to assess, by 
statistical analysis, their interaction.  

In the present research, the inputs are: 
• Controlled input—Mixing time. 
• Controlled input—Mixing temperature. 
• Uncontrolled input—Air humidity. 
• Input variables: 

o Percentage of basalt: it represents the amount of basalt in a MK-and-basalt mix. 
o L/S ratio: it is the ratio between activators (liquid) and precursors (solid). 
o Temperature: it is the controlled temperature used to cure the samples. 
o Time: it is the controlled curing time.  
As for the output variables, the controlled and uncontrolled are: 

• Controlled output—Fluidity is a measurement of the mortar spread. It gives an 
indication of how workable the mortar is. 

• Controlled output—Success rates the percentage of sound aggregates produced. 
• Controlled output—Compressive strength is the resistance unconfined compressive 

strength of cubic samples. 
• Uncontrolled output—Sample humidity. 
• Uncontrolled output—Sample leaching. 

3.2. Sample Production and Testing Procedure 
The procedure adopted for the production and testing of geopolymer samples was 

conducted as described in the literature [20,21], and it is depicted as a flowchart in Figure 
2. 

The activators are mechanically mixed for at least 10 min to generate the alkali-
activator solution. Then they are mixed for an additional 10 min with the addition of the 
MK powder; the next step is to mix the obtained paste with the basalt powder for another 
3 min at least or until it appears homogeneously mixed. The mortar paste is subsequently 
tested in terms of workability using a fluidity test; the remaining material is cast into the 
cubic molds and into artificial aggregates molds. The molds are then placed into the oven 
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at the specified curing temperature and time. After curing, they are removed and 
unmolded. The artificial aggregates are evaluated in terms of production success rate. At 
the same time, the cubic samples are placed into plastic tape for an additional seven days’ 
curing at room temperature and then tested for compressive strength.  

Figure 2. Flowchart of the production and testing procedure. 

3.3. Fluidity of Grout According to EN 14824-3: 2012 
The fluidity can be considered as an indicator of how easy it would be to inject the 

mortar mix into the 3D-printed molds in the laboratory. A similar approach shall be used 
in the case of industrial production. The fluidity test was conducted using as reference the 
following standard: EN 14824-3: 2012 Grout for prestressing tendons—Part 3: test 
methods. Even if the reference used is for cement-based grouts, it can give a valid 
indication of whether the fluidity for geopolymers as a specific standard is still 
unavailable.  

The fluidity (flowability) is measured by the diameter of the circle created by the 
geopolymer mortar mix flown onto a smooth plate. The test consists of placing the mix 
into a cylindrical mold with a diameter of 39 mm and 60 mm in height. The cylinder is 
made of plastic or steel (if used it is necessary to clean it immediately), and the base plate 
should be smooth.  

This cylinder is placed onto the plate surface, filled with the mortar, and moved 
upward at about 15 cm for a maximum of 30 s. The material spreading should be 
measured in two different perpendicular directions. The mean diameter is calculated by 
the average of the two measurements. In Figure 3, it is possible to see the cylinder with 
the mortar mix inside and ready for testing; other pictures show the spread material being 
measured in diameter.  

3.4. Success Rate of Aggregates Production 
As the mortar was used to manufacture artificial aggregates with a specific 

geometrical design, it was necessary to evaluate the production success rate. In order to 
quantify it, a simple visual test was conducted after the curing process; the samples were 
unmolded, and each artificial aggregate was classified as “good” or “bad” on a subjective 
basis. Suitable aggregates were the ones that kept the desired shape and presented no 
visible holes or imperfections, while bad ones were those that had any kind of visible 
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defect. Figure 4 serves as an example of the visual test and shows some considered defects 
from production. Thus, the success rate is the percentage of aggregates with good quality.  

 
Figure 3. Fluidity testing for geopolymer mortars’ fluidity. 

The present method for classification cannot be applied to mass production for 
obvious reasons. Therefore, it is suggested to use the sieving technique to select the 
aggregates with the most appropriate shape and separate them from those with significant 
failures.  

  
(a) (b) 

Figure 4. Success rate example over production of 20 aggregates: (a) classification of aggregates; (b) failure examples. 

3.5. Compressive Strength: EN 1015-11: 2019  
The selected mechanical test was the unconfined compressive strength on 

geopolymer hardened cubes of 40 mm side length. The cubic samples were cast and cured 
as instructed in the DoE. The compressive strength was measured as described in the EN 
1015-11 standard by means of a hydraulic press (Figure 5) at constant load speed. 

As for the surface treatment in the cubic samples, it was unnecessary as the samples 
are completely smooth without peaks or holes (Figure 5), and a preload of 5 daN was 
always applied before running the tests. The compressive resistance for each type of 
mixture of the DoE is calculated as the average strength of four tested cubes.  
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(a) (b) 

Figure 5. Compressive strength of geopolymer cubes: (a) sample in hydraulic press; (b) cubic sample before the test. 

4. Testing Results and Analysis of the DoE Approach Outcomes  
The input variable used in the DoE is shown in Table 2. The first column corresponds 

to the run order of the experiments, while the second lists the amount of basalt in percent 
(for instance, 60% basalt means a 40% MK). Other columns are the ratio between the 
activators and precursors (L/S), the curing temperature in °C, and the curing time in hours. 

Table 2. Design of Experiments input variables. 

Run Order Basalt (%) L/S Ratio Oven Temperature (°C) Curing Time (h) 
1 80 0.50 50 6 
2 90 0.65 50 2 
3 80 0.65 60 8 
4 90 0.50 60 4 
5 90 0.60 70 8 
6 70 0.55 50 8 
7 80 0.55 70 4 
8 70 0.65 40 4 
9 80 0.60 40 2 

10 60 0.55 60 2 
11 70 0.60 60 6 
12 60 0.55 40 8 
13 60 0.60 50 4 
14 90 0.55 40 6 
15 60 0.65 70 6 
16 70 0.50 70 2 

Every single mix was produced and tested for the fluidity of the geopolymer paste, 
for compressive strength on cubes, and for success rate on aggregates as described in 
Figure 2; results are listed in Table 3. 

For each run order, three samples were used to calculate the average grout spread. 
As for the compressive strength, four samples were used to calculate the average. As for 
the success rate, it was assessed by the overall production for each run order.  
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The percentage variation is presented on the table for the grout spread method and 
compressive strength.  

Table 3. Results obtained for the controlled output variables. 

Run 
Order 

Grout Spread 
Method (cm) 

[29] 

Percentage Variation 
(%)—Grout Spread 
Method (cm) [29]  

Compressive 
Strength 

(Mpa) [30] 

Percentage 
Variation (%)—

Compressive 
Strength (MPa) 

[30] 

Success 
Rate (%) 

1 5.30 13 17.27 9 25 
2 13.55 1 0.67 14 85 
3 11.75 1 13.11 4 75 
4 8.75 4 5.26 3 75 
5 12.50 0 1.60 4 20 
6 5.35 1 36.59 14 80 
7 8.85 1 11.99 9 95 
8 10.50 8 35.56 18 55 
9 10.70 1 22.70 11 25 

10 - - 39.74 16 0 
11 8.80 8 29.37 9 50 
12 - - 45.82 10 0 
13 5.55 11 44.33 22 40 
14 11.20 0 4.49 10 45 
15 8.20 3 35.51 19 100 
16 - - 25.89 23 0 

The analysis of results made for each output variable shows: 
• Grout spread method (fluidity) [29]: 
• Samples 10, 12, and 16 did not provide any measurable results because the mixture 

was very viscous and did not flow through the mold in the standard specified time.  
• Samples 2 and 5 achieved the largest fluidity diameters. 
• The higher the fluidity, the easier it is to pour the mortar into the mold. 
• Compressive strength [30]: 
• Samples 12 and 13 achieved the highest compressive strength. 
• Samples 2, 5, and 14 recorded the lowest results. 
• Rate of success: 
• Samples 10, 12, and 16 gave no results, as the material was not injectable into the 

aggregates molds.  
• Samples 7 and 15 achieved the best results with over 95% suitable aggregates.  

It is important to note that results do not allow an easy understanding of how the 
input variables interact and which would be the most appropriate mix design. However, 
due to the use of the DoE approach, it is possible to assess the input variables’ behavior 
and their influence on the output variables. The series of graphs called Prediction Profiler 
from JMP® software (Version 14.0. SAS Institute Inc., Cary, NC, USA, 1989–2019) allow to 
understand how each input variable influences each of the output variables.  

The light red shadow scale represents the confidence interval of each input variable 
to the corresponding output variable. The red line indicates the relation between the 
variables, and its tilt means in which way it interacts. Tilted from bottom to top it shows 
a positive interaction, from top to bottom—negative, the horizontal line indicates that 
there is no interaction. The cloud of points shows the real data position in relation to the 
pair of the input and output variables.  



Infrastructures 2021, 6, 35 10 of 16 
 

From Figure 6 it can be asserted that unconfined compressive strength (UCS) has an 
opposite relation to the basalt content, meaning that the increase in basalt content would 
decrease the UCS value. The temperature has an inverse relation to the UCS. 

The cured samples were taken out of the oven after the determined time, wrapped in 
plastic film, and left to cure at room temperature for seven days, and all of them were 
tested at the same age. The curing time and temperature input variables had little 
influence on the compressive strength. This might be due to the MK used, which was not 
very reactive. Therefore, further study is needed on this topic. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Input variables sensibility and influence on the Unconfined Compressive Strength (UCS): (a) basalt leverage; (b) 
L/S ratio leverage; (c) temp (°C) leverage; and (d) time (h) leverage (Software JMP 14). 

With the parameter estimates, it is possible to evaluate their importance in a future 
model. Table 4 shows each term’s parameter estimate, standard error, and probability for 
the compressive strength. The lower the probability is, the more reliable the input variable 
is to the model prediction, the most suitable values are identified with an asterisk. The 
estimate is related to how strong its importance is in the model, and standard error shows 
how good of a fit there is of the data in relation to the regression line. The lower the 
number, the better it is. 
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Table 4. Equation terms estimation and probability for predicting compressive strength. 

Term Estimate Std Error Probability > |t| 
Intercept 142.14414 10.75799 <0.0001 * 
% Basalt −1.304961 0.068342 <0.0001 * 
L/S ratio −11.35938 14.76356 0.4594 

Temperature (°C) −0.282461 0.073818 0.0033 * 
Time (h) 0.1791016 0.369089 0.6380 

* Values with acceptable significance. 

In Figure 7, it is possible to note that the confidence shadow is too wide, thus meaning 
that the input variables have a minor relation to the output variables. Nevertheless, it is 
possible to note that basalt, L/S, and temperature have a minor positive influence.  

  
(a) (b) 

  

(c) (d) 

Figure 7. Input variables sensibility and influence on the success rate: (a) basalt leverage; (b) L/S ratio leverage; (c) temp 
(°C) leverage; and (d) time (h) leverage (Software JMP 14). 

It is noted in Table 5 that the input variables have no influence on the output 
variables, as can be seen with the probability values. This might be due to the way the 
experiment was designed or a lack of sufficient data to assess its interaction.  
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Table 5. Equation terms estimation and probability for predicting success rate. 

Term Estimate Std Error Probability > |t| 
Intercept −1.690266 1.149447 0.1722 
% Basalt 0.0061064 0.007302 0.4225 
L/S ratio 2.1138298 1.577426 0.2099 

Temperature (°C) 0.0094309 0.007887 0.2594 
Time (h) 0.0015957 0.039436 0.9685 

As for the grout spread method (Figure 8), it is noted that the temperature and time 
variables are not relevant to the test as it is performed prior to the curing. The other 
variables have a high interaction probability, thus making it possible to assess their 
interactions.  

  
(a) (b) 

  
(c) (d) 

Figure 8. Input variables sensibility and influence on the grout spread method: (a) basalt leverage; (b) L/S ratio leverage; 
(c) temp (°C) leverage; and (d) time (h) leverage (Software JMP 14). 

In Table 6, it is possible to note, as stated before, that both temperature and time do 
not have a reasonable probability, which is entirely correct, as these input variables have 
not influenced the output variable being assessed. Moreover, intercept, basalt, and L/S 
ratio have an appropriate probability value, meaning that these variables are intrinsically 
related to the measured output variable (grout spread method). 
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Table 6. Equation terms estimation and probability for predicting the grout spread method. 

Term Estimate Std Error Probability > |t| 
Intercept −39.71713 4.303934 <0.0001 * 
% Basalt 0.2656011 0.027341 <0.0001 * 
L/S ratio 47.310638 5.906438 <0.0001 * 

Temperature (°C) 0.004053 0.029532 0.8936 
Time (h) 0.106516 0.147661 0.4872 

* Values with acceptable significance. 

The model of compressive strength suffices to select a mix design since the grout 
spread method and success rate are indicators of the workability of the mortar. Avoiding 
the points with low grout spread results and aiming for the higher success rate values is 
possible to narrow the input variables suitable to be used in the model for compressive 
strength.  

With the analysis of the input and output variables interactions in Figure 6 and Table 
4, it was possible to develop a model for the compressive resistance, as given in Equation 
(1).  𝐶𝑅ሺMPaሻ ൌ 142.3 െ 1.30 ൈ  𝐵𝑎𝑠𝑎𝑙𝑡 െ 11.36 ൈ  𝐿𝑖𝑞𝑢𝑖𝑑 െ 0.28 ൈ  T𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒ሺ°Cሻ ൅ 0.18 ൈ  T𝑖𝑚𝑒ሺhሻ (1) 

The graph in Figure 9 plots the laboratory-measured compressive strength against 
the DoE-predicted one. The regression model between the two variables as a valid 
correlation (R2 = 0.975), thus providing results within acceptable confidence in the 
calculated confidence interval.  

 
Figure 9. Predicted compressive strength vs. measured compressive strength with fitness shadow. 

The shadow represents the confidence interval on how accurate the model is. Some 
points are out of confidence due to the estimation error of 5%. 

The DoE method allows to identify the most relevant input variables: how these are 
interrelated among them and which is their influence on the output variables. Therefore, 
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it is possible to select a statistically optimized mix design and curing procedure to achieve 
a minimum desired compressive strength while considering a proper fluidity and success 
rate for the production of the artificial aggregates in the laboratory. This approach should 
eventually yield into sound, regularly shaped, and well-cemented aggregates. 

As a concluding step for the applied DoE approach, a new set of 14 identical mixes 
with four cubic samples each were produced and tested to confirm the model accuracy. 
Each sample was submitted to the compressive strength test, and an average of them was 
calculated. For these samples, the mix design selected was: 70% basalt (30% MK), 0.5 L/S, 
50 °C, and 2 h curing in the oven. According to Equation (1), the compressive strength 
should be 31.35 MPa with a confidence interval of 95%. 

The results of the new samples made with this selected mix are presented in Figure 
10. Out of fourteen, only for two samples the recorded compressive strength was lower 
than the predicted value, but only one lower than the confidence interval of 95%, 
represented as a dashed red square in Figure 10. 

 

Predicted strength = 31.35 MPa 

 
Figure 10. DoE results in confirmation by compressive strength tests on additional samples. 

The success rate and grout were measured for the 14 samples, and it is noted that 
their values are over the expected, as presented in Table 3. It is due mainly to the 
uncontrolled output variables, such as an increase in room temperature, humidity, and 
MK quality, and the operator experience. 

It is necessary to run more tests with more controlled variables to assess the 
significance of the input variables for grout spread and success rate. 

5. Conclusions 
The present paper proposes the preliminary use of the DoE statistical approach to 

optimize a geopolymer mix design with different proportions of precursors, activators, as 
well as selected temperatures and time for curing. This is done in order to understand 
how the input variables reciprocally interact and what their possible output is. The final 
goal is to choose a mix design and curing process that leads to a workable mixture, which 
is able to reach an adequate compressive strength while using as much basalt powder as 
possible, and minimizing the curing time and temperature. The mechanical strength is 
considered essential for the possible production of sound and durable artificial 
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aggregates. Furthermore, the maximization of basalt content and the minimization of 
curing time and temperature are essential to reduce the carbon footprint of the final 
material. 

The following conclusions can be drawn from this preliminary study: 
• The DoE used was satisfactory because it provided a reliable model to predict the 

compressive resistance of the proposed materials. 
• According to the proposed statistical model, the temperature has little influence on 

the final resistance. This is debatable as the literature says otherwise. In this research, 
this might be due to the quality of the MK. Further studies are necessary with a 
different MK. 

• The model helps the researcher to select the most appropriate mix design. 
• The model is only relevant for this specific DoE, and it is necessary to change it if the 

materials used are different. 
• The laboratory workability is here directly related to the success rate in the 

production of aggregates. A material with low workability (fluidity) was found to be 
difficult to inject into the aggregate’s molds. These processes will more likely change 
at a larger production scale and so will be for the required fluidity. A new DoE will 
be necessary. 

• Overall, the adopted DoE approach provided the authors with consistent 
information on how each variable behaves and interacts with the final material’s 
characteristics. 

• In light of the above, the work on the production of geopolymeric artificial aggregates 
from waste powders will continue. Aiming for the construction of engineered 
pavement surfaces that brings benefits in terms of skid resistance (road safety) and 
noise abatement, the large-scale production of artificial aggregates is envisaged in 
the near future of this research. 
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