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ABSTRACT 

With a rapid increase in construction of roads, buildings and infrastructures the 

demand for aggregates has substantially increased. These natural materials are 

mainly obtained from riverbeds, local quarries and mines. Recycling of waste 

material has been considered as a good solution, where researchers have applied 

different types of solid waste for construction purposes. Società Azionaria 

Prodotti Asfaltico Bituminosi Affini (S.A.P.A.B.A. s.r.l.) is an asphalt/aggregate 

production plant located in Bologna, Italy. The aggregate plants mainly process 

and produce high quality limestone aggregates obtained from local quarries. The 

raw limestone aggregates are crushed, sieved, washed and stockpiled into 

different batches. The resulting dirt and mud from the washing process is stored 

at specific sedimentation lakes close to the plant. The materials filling up the 

sedimentation lakes are mainly silt and clay particles originating from the washed 

limestone aggregates. These kinds of materials, also referred to as waste mineral 

fillers or quarry dust have gained interest over the years and have been recycled 

in different civil engineering applications. The recycling of waste mineral fillers 

and quarry dust could help to reduce natural aggregate demand and improve the 

sustainability of aggregate production plant. Furthermore, the reuse of the by-

products such as waste silt could convert the linear economy to a circular 

economy, where a second chance is given to by-products of hidden value. 

Moreover, due to limited capacity of SAPABA’s sedimentation lakes, it is critical 

to seek and implement practical waste management and recycling techniques to 

promote sustainability. The initiative and motivation of the current research 

follows the 12th objective of the sustainable development goals, “responsible 

consumption and production”, proposed by the United Nations. As a result, the 

overall aim of the current study was to reduce the impact of waste mineral fillers 
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through recycling in new paving solutions. Considering three paving types of 

cement-bound, geopolymer-bound and asphalt pavements the following 

objectives were set: 1) To investigate the possibility of recycling waste silt in 

cement-bound paving solution; 2) To explore the feasibility of producing 

geopolymer-bound paving solutions containing waste silt; 3) To study the 

potential of using waste silt as fillers in different asphalt pavements. The first 

objective was achieved by utilizing waste silt into cement-bound materials. For 

this purpose, the by-product was introduced to cement mortars and was partially 

replaced (20%) with the natural sand. The silt was further used to produce 

concrete paving blocks and were characterized according to the EN 1338 

standard. Different Design of Experiments (DOE) approaches were used to 

optimize the mixture design of the cement mortars and concrete paving blocks. 

The second objective was pursued by studying the feasibility of using the waste 

silt as a filler in geopolymer cement products. The data on geopolymer cements 

produced with waste mineral filler were thoroughly summarized and indicated 

the need of thermal treatment of the waste silt. Thus, A DOE was produced, and 

the optimum calcination conditions of the waste silt was obtained. Geopolymer 

cement mixtures were made with sodium or potassium alkali solutions and were 

tested for compressive strength and leaching. Higher calcination temperatures 

showed better compressive strength, regardless of liquid type. By considering the 

compressive strength, leaching, and X-ray diffraction (XRD) analysis, the 

optimum calcination temperature and time was selected as 750 °C for 2 h. Having 

determined the optimum calcination condition, geopolymer-based paving blocks 

were designed and produced. Initially, Geopolymer cement was produced and its 

mechanical, thermal and microstructure properties were investigated. The 

thermogravimetric analysis indicated a phase change for the geopolymer samples 
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at 750 °C. The Scanning Electron Microscopy imaging confirmed the formation 

of the geopolymer structure. The geopolymer cement was mixed with predefined 

proportion of sand and gravel to produce geopolymer concrete paving blocks. 

The physical and mechanical properties of the final prototype bricks were 

investigated following the EN 1338 standard. The third objective was achieved 

by evaluating the rheological and mechanical performance of hot mix, porous 

and semi-flexible asphalt containing waste silt. The limestone filler of a hot mix 

asphalt was replaced with thermally and untreated waste silt. The rheological 

properties were studied using frequency sweep and Multiple Stress Creep 

Recovery (MSCR) tests, whereas the mechanical characteristics were 

investigated by means of Marshall stability, air voids content, and Indirect 

Tensile Strength (ITS) tests. Samples produced with thermally treated silt showed 

to have the highest stiffness compared to the other samples and demonstrated 

similar behavior to the control sample in terms of rheological properties. The 

results indicated that the 100% substitution of common filler with thermally 

treated waste silt does not have any adverse effect on the performance of HMA 

and their mastic. In this regard, an additional study was conducted, and a porous 

asphalt skeleton was grouted with a geopolymer cement containing waste silt. A 

control sample was also produced and was grouted with a cement-based grouting 

material obtained from a local company. The mechanical properties of the final 

semi-flexible pavement were compared. Regardless of mixture type, both semi-

flexible pavements fulfilled the suggested mechanical performance requirements 

by the Italian specifications. To sum up, different paving blocks and asphalt 

pavements mixtures containing waste silt were proposed that presented 

acceptable performance when compared to different national and European 

standards.  
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Chapter 1: Introduction 

1.1 General background  

With a rapid increase in construction of roads, buildings and infrastructures the 

demand for aggregates has substantially increased [1]. These natural materials 

are mainly obtained from riverbeds, local quarries and mines and as all natural 

supplies are limited. Considering sustainability as a critical design parameter, 

engineers, stakeholders and policy makers have sought for alternative materials 

and approaches. Recycling of waste material has been considered as a good 

solution, where researchers have applied different types of solid waste for 

construction purposes. For instance, construction and demolition (C&D) waste 

has been successfully used in the production of asphalt pavements [2–4], concrete 

[5,6] and geopolymers [7,8]. Several different types of waste materials have been 

considered as a replacement for natural aggregates such as crumb rubber tire [9], 

artificial aggregates [10], ceramic waste [11], etc.   

During the aggregate production, the materials are crushed using different 

mechanical crushers depending on the type and size of the aggregates. The 

crushed materials are then sieved and screened to meet consumers requirements. 

The final stage and before stockpiling of the stones and aggregates, the materials 

are washed, and unwanted soil and dirt is removed. The dirt is separated from the 

used water in special precipitation tanks and the unwanted material is then 

pumped out into sedimentation lakes located close to the aggregate plants. The 

stored material in the sedimentation lakes is directly related to the type of the 

mineral processed at the plants. These materials, also referred to as waste mineral 
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fillers or quarry dust have gained interest over the years and have been recycled 

in different civil engineering applications.   

Waste mineral fillers have been used in cement-bound materials to produce 

cement mortar and concrete cement [12]. This sustainable approach could reduce 

the adverse impact of the waste material on the environment. For instance, waste 

materials produced from manufactured sand units were used in different 

percentages ranging from 0 to 60% to produce concrete building blocks [12]. The 

results indicated that the substitution of 30% of the sand with quarry dust 

improved different parameters of the concrete blocks including Abrasion 

resistance, acoustic absorption and sorptivity properties. In a different approach, 

recycled marine sediments were used to produce concrete paving blocks [13]. 

The ingredients used consisted of silt (74%), lime, glass powder and cement. The 

preliminary results showed promising, and the authors suggested that the blocks 

could be used as building materials. 

Geopolymer consist of two different parts, the highly reactive precursor rich in 

Al and Si and a sodium or potassium-based alkali solution. When mixed, a 3D 

network of Si-O-Al is formed presenting several properties such as high 

compressive strength, durability, heat and fire resistance, etc. [14]. The literature 

available regarding the application of quarry dust and waste mineral fillers in 

geopolymer cement and binder is moderate [15,16]. For instance, lightweight 

aggregates were produced from waste silt and oil palm fuel ash [17]. The 

materials were mixed with a sodium-based alkali solution resulting in 

geopolymer cement. The results indicated high crushing value for samples 

produced with 60% of silt. Loose silty soil was stabilized using fly-ash 

geopolymer containing recycled concrete aggregates. Various mechanical 
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properties such as compressive strength, resilient modulus and indirect tensile 

strength of the geopolymer stabilized silt was compared to those stabilized with 

ordinary Portland cement. The authors stated that higher mechanical properties 

were reported for geopolymer stabilized samples [18]. 

In addition to concrete and geopolymers, quarry dust and waste fillers have also 

been used in asphalt pavements. Waste lime was substituted with conventional 

asphalt fillers at different ratios of 25 to 100% and various engineering properties 

such as Marshall stability, resilient modulus and indirect tensile strength of the 

asphalt pavement specimens were evaluated [18]. The results indicated higher 

moisture damage resistance when compared to samples produced with 

convenient fillers. By considering the results of several tests, the authors 

concluded the possibility of using waste lime as filler in asphalt pavements. 

Another study evaluated the effect of several quarry dusts and by-products on 

various mechanical properties of asphalt pavements [18]. The by-products were 

used as filler in the pavement. The results indicated that when blast furnace slag 

or recycled concrete were used, superior results were obtained. It was also stated 

that mixing quarry dust with cement could reduce the hydrophilic characteristics 

of the fillers.  

1.2 Problem identification  

Società Azionaria Prodotti Asfaltico Bituminosi Affini (S.A.P.A.B.A. s.r.l.) is an 

asphalt/aggregate production plant located in Bologna, Italy. The aggregate 

plants mainly process and produce high quality limestone aggregates obtained 

from local quarries. The raw limestone aggregates are crushed, sieved, washed 

and stockpiled into different batches. The resulting dirt and mud from the 

washing process is stored at specific sedimentation lakes close to the plant. The 
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materials filling up the sedimentation lakes are mainly silt and clay particles 

originating from the washed limestone aggregates. Figure 1.1 illustrates the 

geographical location of S.A.P.A.B.A. and its sedimentation lakes (a and b).  

 

Figure 1.1. S.A.P.A.B.A. aggregate production plant, Bologna, Italy. Aggregate 

plant, a; sedimentation lakes, b; aggregate plant, c; precipitation tank, d; 

sedimentation lakes at different filling stages, e and f. 
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In summary, the raw limestone is processed at the plants (c), and the silt and dirt 

collected at the bottom of the precipitation tank (d) is pumped out towards the 

sedimentation lakes indicated by the orange dashed line. There are a total of three 

sedimentation lakes present at the company’s site, which are flooded with the 

waste materials consecutively (e and f). 

The recycling of waste mineral fillers and quarry dust could help to reduce natural 

aggregate demand and improve the sustainability of aggregate production plant. 

Furthermore, the reuse of the by-products such as waste silt could convert the 

linear economy to a circular economy, where a second chance is given to by-

products of hidden value. Moreover, due to limited capacity of SAPABA’s 

sedimentation lakes, it is critical to seek and implement practical waste 

management and recycling techniques to promote sustainability. 

1.3 Waste silt 

The limestone aggregates are usually obtained from local quarries and are 

crushed, washed and processed by the company’s aggregate production facility. 

The waste silt used for the current project was obtained from the sedimentation 

lakes (Figure 1.2). The raw material was extracted and stored in small stockpiles 

allowing the excess water to evaporate. The unwanted material such as crushed 

stones, wood, plant roots, etc. were separated from the stockpile. The samples 

were then oven dried at 120 °C for 48 hours, crushed using a Los Angeles 

machine. The silt was stored in a dry place for further use.  
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Figure 1.2. Obtained silt from sedimentation lakes. During aggregate production 

(A) the produced silt is pumped to the sedimentation lakes (B). The material is 

oven dried and finely crushed prior to final use (C). 

The elemental and compound analysis of the waste silt was examined using X-

ray fluorescence (XRF) (Shimadzu, Kyoto, Japan) and X-ray powder diffraction 

(XRD) (Rigaku, Tokyo, Japan), respectively. The raw silt, with a pH of 7.0, met 

all the requirements of the Italian legal limits regarding the amount of hazardous 

material (Table 1.1). The mineralogical evaluation revealed the presence of 

quartz (32%), calcite (28%), illite/micas (21%), and chlorite (5%), with traces of 

dolomite and feldspars (Figure 1.3). 

Table 1.1. Chemical oxides present in waste silt. 

Parameter Value (%) 

SiO2 43.5 

TiO2 0.6 

Al2O3 12.5 

Fe2O3 6.1 

MnO 0.2 

CaO 15.8 

Na2O 1.0 

K2O 1.9 

P2O5 0.1 

MgO 3.0 
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Figure 1.3. Waste silt XRD analysis reveals a crystalline structure observed as 

sharp peaks in the diagram. Q = quartz, I/M = illite–mica, Ch = chlorite, K/S = 

kaolinite/serpentine. 

Chapters 2 to 8 have used the same raw silt. Thus, the provided engineering 

properties presented herein applies to all chapters.   

1.4 Aims and objectives 

The initiative and motivation of the current research follows the 12th objective of 

the Sustainable Development Goals, “responsible consumption and production”, 

proposed by the United Nations, focusing on consumption and productions 

patterns which consider and ensure sustainability. As a result, the overall aim of 

the current study was to reduce the impact of waste mineral fillers through 

recycling it in new paving solutions. Considering three paving types of cement-

bound, geopolymer-bound and asphalt pavements the following objectives were 

set. 

• To investigate the possibility of recycling waste silt in cement-bound 

paving solution 
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• To explore the feasibility of producing geopolymer-bound paving 

solutions containing waste silt 

• To study the potential of using waste silt as fillers in different asphalt 

pavements.  

1.5 Significance of research 

The current study aimed at proposing various recycling techniques and presented 

novel paving solutions that included waste silt. Moreover, the presented work is 

a case study dedicated to providing a circular economy for S.A.P.A.B.A. 

Accordingly, the significance of the research is as follows: 

• Three different approaches of recycling waste silt have been 

proposed. 

• Calcined silt was successfully used in geopolymer cement and 

demonstrated no environmental hazards according to Horizontal 

Dynamic Surface Leaching Test. 

• Geopolymer paving blocks containing waste silt were produced. 

• The inclusion of calcined silt in asphalt pavements were proposed for 

the first time. 

• The capacity and potential of using geopolymer grouts containing 

waste silt has been investigated. 

1.6 Organization of thesis 

The current paper-based thesis consists of 9 chapters, which has been organized 

in 3 parts according to its context.  

PART I consists of Chapters 2 and 3, where the feasibility of recycling the waste 

silt in cement-bound mixtures are discussed. Natural sand was partially replaced 

with the raw silt, where cement mortars and concrete paving blocks were 

produced. 
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PART II including Chapters 4, 5 and 6, focuses on the production and 

characterization of geopolymer cement/concrete produced with waste silt. The 

application of waste mineral fillers in geopolymers were reviewed. Afterwards, 

the mineralogical, mechanical and environmental properties of geopolymer 

cements containing silt were investigated. Having understood the behavior of the 

produced geopolymer, the final section examined the mechanical properties of 

geopolymer paving blocks according to EN 1338 standard.  

PART III consisting of Chapters 7 and 8 investigates the potential of recycling 

waste silt into asphalt pavements. For this purpose, untreated and thermally 

treated silt were used as mineral fillers in Hot Mix Asphalt and porous asphalt 

samples. The second section demonstrated the potential application of 

geopolymer-based grouts for semi-flexible (grouted macadam) pavements.  

Chapter 9 summarizes the overall findings of this study and discusses potential 

challenges and limitations of recycling waste silt.
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PART I: CEMENT-BOUND 

Part I, consisting of chapters 2 and 3, investigates the possibility of using waste 

silt in cement-bound materials. 

The studies presented in this section have been published as follows: 

1.  Solouki, A.; Viscomi, G.; Tataranni, P.; Sangiorgi, C. Preliminary 

Evaluation of Cement Mortars Containing Waste Silt Optimized with the 

Design of Experiments Method. Mater.  2021, 14. 

2.  Solouki, A.; Tataranni, P. Mixture Optimization of Concrete Paving 

Blocks Containing Waste Silt. 2022, 1–15. 

 

A third paper titled “Strength Estimation of Cement Mortars Containing Waste 

Silt Using Machine Learning Techniques” (Danial Rezazadeh Eidgahee, 

Hashem Jahangir, Abbas Solouki*, Cesare Sangiorgi, and Piergiorgio Tataranni) 

has been submitted. The paper further discussed the possibility of optimizing 

concrete paving blocks mixture through Machine Learning Techniques. The 

paper is an outcome of the PhD research. However, it has not been included in 

the dissertation.



Introduction  Solouki. A 

11 

 

Chapter 2: Preliminary evaluation of cement 

mortars containing waste silt optimized with the 

Design of Experiments method 

2.1 Introduction 

The first step in every quarrying process starts with the stripping stage, where the 

unwanted materials are removed from the Earth’s surface. Based on the quality 

and type of the rocks, up to three different crushing stages could be applied during 

aggregate production. At the final step, the crushed aggregates go through the 

washing and screening stage, which is vital for quality and gradation control of 

the materials. The water used during the washing process is directed to 

precipitation tanks for further processing. The resulting residues which mainly 

consist of dirt and very fine powdery substances are piped out into artificial lakes 

and ponds called tailing mines or sedimentation lakes. These materials, mostly 

mineral fillers from plant processes, could become an environmental issue due to 

the landfilling limitations and strict legislation on their disposal [19]. Every year, 

up to 3 billion tons of non-renewable natural aggregates are demanded worldwide 

by the construction sector [20] and approximately 623 million tons of waste 

(mining and quarrying) were produced in 2018 [1]. Global efforts have been 

made to reduce the number of virgin aggregates used for construction and 

infrastructure sectors. For instance, based on the revised waste framework 

directive in Europe recycling of at least 70% of construction and demolition 

waste materials by 2020 was obligatory for all member states [20]. Nonetheless, 

quarries must work at full capacity to keep up with the demand for raw materials. 

Therefore, quarry/mining waste management has become an important aspect 
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during the past decades and various methods have been proposed for reducing its 

impacts on the environment.  

Quarry waste has been used in various applications such as geopolymer 

production [21], soil stabilization [22], pavements [23,24] and production of 

artificial aggregates [25]. Studies and experimental applications have also 

highlighted the possibility of using quarry waste in cementitious materials. For 

instance, Cavaleri et al. (2018) partially substituted sand with quarry dust to 

produce concrete. The results indicated that the substitution of 13% of sand with 

limestone quarry dust could improve the mechanistic properties of the cement, 

whereas 26% of quarry dust led to lower mechanical properties [26]. The 

inclusion of quarry dust in cement bound materials and its effect on various 

properties of cement such as transport, dimensional stability, alkali–silica 

reaction, the heat of hydration and color were investigated. Medina et al. [27] 

found no adverse effects from the addition of quarry dust into the mixture and 

suggested its use in the design of new type II/A conventional as well as type II/A 

special low heat cement. These alternative applications could potentially reduce 

the environmental impact of using raw materials and of course decrease the 

impact of landfilling industrial waste fillers. Felekoglu (2007) incorporated 

quarry dust limestone powder in Self-Compacting Concrete (SCC) and paste 

applications with the aim of reducing the environmental impact of the waste 

quarry powder [28]. Various physical and mechanical properties of the cement 

paste were examined, and the performance of the mixture indicated the 

possibility of using up to 10% of limestone quarry dust in normal-strength self-

compacting cement. Similar work on self-compacting concrete was carried on by 

Uysal et al. [29], where Portland cement was partially replaced with different 

quarry dust including limestone, basalt, and marble. The results were similar to 
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previous studies which suggested the economic feasibility of using the mentioned 

powders in SCC production [28,29]. In a different attempt to manage mine waste, 

a study was conducted aiming to investigate the possibility of using gold waste 

rocks as construction materials [30]. The waste materials were collected from an 

open-mine site located in the Abitibi-Temiscamingue region (QC, Quebec, 

Canada) and the material was used for concrete production. The obtained 

compressive strength for concretes made with waste rocks and natural sand and 

gravel were comparable after 28 and 56 days of curing [30]. In a separate study, 

limestone dust was substituted by 30% of the total concrete weight to produce 

lightweight concrete. The mechanical properties of the synthetic material were 

tested and the result showed acceptable performance [31]. However, the authors 

indicated that further work and tests regarding the mechanical properties of the 

lightweight concrete are required. 

Concrete and mortars are produced using different design methods. For instance, 

various common approaches have been reviewed for the production of self-

compacting cement [32]. The mixture could be designed based on empirical 

methods. Compressive strength or rheological properties of the paste could also 

determine the mixture design. However, an approach that has not been fully 

exploited is the use of statistical models for concrete mixture design. For 

instance, the effect of different ingredients such as glass fiber, metakaolin (MK), 

paste and silica sand on the flexural and compressive strength of glass fiber (GF)-

reinforced concrete (GRC) was studied [33]. The authors also applied the 

Taguchi method to optimize the final mix design based on four factors including 

aggregate (SS)-to-cement ratio (A/C), GF, W/C and MK contents. The data 

indicated that SS, MK, GF and CP contents significantly affected the final 

strength of the concrete mixtures. However, most statistical approaches are 
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limited to factorial designs [34,35] and response surface methods [36,37] and less 

attention has been paid to mixture-design of experiments methods. It is by the 

use of a mixture-design approach that one could simultaneously study the effects 

of all the components and their interactions. The effect of including fly ash (FA), 

nano-silica (nS), and recycled plastic on the mechanical properties and cost of 

concrete was investigated by applying two different mixture design approaches 

[38]. The first model was produced from a screening model and the results were 

then used as an input for the sequential optimization. Based on the models, the 

authors suggested that by adding 2.5% of nS and 10% of FA about 44% of coarse 

aggregates could be substituted by plastic. A simple lattice mixture design having 

three factors and five levels was applied to study the effect of three different sand 

types on self-compacting cement properties [39]. The models indicated an 

increase in compressive strength with an increase in crushed sand proportions. 

However, when dune sand was used, the resulting strength values dropped.  

Transforming quarry dust/waste into secondary materials could give a second 

chance to waste materials, contribute to waste management, balance natural 

resource utilization and produce a circular economy for the construction sector 

[40–43]. Thus, the current research focused on producing cement mortars by 

substituting natural sand with the waste silt obtained from limestone aggregate 

production S.A.P.A.B.A. s.r.l. (Pontecchio Marconi, Italy). 

2.2 Materials 

Waste silt and natural limestone sand (0–4 mm) were used to produce cement 

mortars. The raw silt was obtained from S.A.P.A.B.A. Please refer to section 1.3 

for further details. The gradation curve of the sand is shown in Figure 2.1. The 

obtained values for bulk density (g/cm3) (UNI 1097-6), sand equivalent (uni 933-
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8) and harmful fines (gMB/KG) (UNI 933-9) were reported as 2.658, 90 and 0.5, 

respectively. The light organic impurities were reported as 0.07 which was well 

below the 0.5 limits. Finally, a 42.5 R white Portland cement (Buzzi Unicem, 

Casale Monferrato, Italy) and a specially designed additive that allows the use of 

swelling clays or aggregates with very high fines were used. 

 

Figure 2.1. Limestone sand gradation curve. 

2.3 Methods 

2.3.1 Design of Experiments 

As for the first step in any Design of Experiments (DOE), the purpose of the 

experiment should be determined. In some cases, optimization of a process or 

response(s) is the main goal, whereas in some studies the effect of certain factors 

and their levels on the outcome is the focus. Therefore, each experiment and DOE 

will have a specific purpose and need to be tackled differently. The boundaries 

of an experiment are defined and restrained based on selected ranges of the 

variables. For instance, selecting a testing temperature between 20 to 80 °C for a 

specific experiment will define its experimental region. The design will be 

finalized by determining the number of levels for the corresponding factors.  
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A Response Surface Methodology (RSM) [44] is a statistical tool, which 

investigates the relationship between variables of an experiment with the 

produced outcomes. Compared to a full factorial design, RSM can significantly 

reduce the number of required experimental runs. In many studies, the aim is to 

select the ingredient’s proportion of a blend. In such cases, the implementation 

of a mixture design (a special type of RSM) could effectively determine the 

dependent variables’ proportions that will produce the desired response. In a 

mixture design experiment, the dependent factors are proportions of different 

components of a blend and the total sum of all factors for each run will be equal 

to 1 or 100% (Equation (1)). The mixture DOE allows studying the effects of 

different ingredients/factors on different responses such as compressive and 

flexural strength of the mortar specimens. However, in such cases, applying 

standard design will require a higher number of experiments to find the final mix 

design. An n-component mixture is presented in Equation (1).  

0 ≤ 𝑥𝑖 ≤ 1   𝑖 = 1, 2, 3, … , 𝑛   ∑ 𝑥𝑖 = 1 𝑛
𝑖=1  Equation (1) 

where the proportion of the ith ingredient/factor is represented by xi. 

Two of the most widely used mixture designs are the simplex lattice and simplex 

centroid designs. The former design is applied when the components/ingredients 

are equally spaced within the design. Furthermore, in such cases, a full cubic 

analysis could be applied. However, only special cubic estimates could be 

conducted for centroid design. In both cases, no constraints or boundary limits 

are set. On the other hand, an extreme vertex design could only be used when 

linear or boundary constraints are set for the components. In such cases, the 

mixture design will only cover a small proportion within the simplex design and 

usually occurs when components have upper and lower boundaries.  
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Each DOE has its specific requirements and inputs. For the current study, a 

mixture DOE having 5 different components including cement, water, sand, silt 

and additive was proposed. Due to the high number of factors, the extreme 

vertices design was used rather than the simplex centroid design. Extreme 

vertices design only covers small spaces in the simplex design and could be 

adapted when the design space is not linear. However, not much literature has 

been found regarding extreme vertices design for cement bound materials 

[33,38].  

To produce the mixture DOE, the five components and their corresponding 

boundaries were inputted into JMP® software. The determined upper and lower 

boundaries (total weight of mixture) for cement, water, sand, silt and additive 

were as 22–28%, 12–20%, 43–61%, 2–20% and 0.17–0.35%, respectively. As 

mentioned above extreme vertices design was selected. Consequently, a DOE 

having 49 randomized runs was produced, where for each run 3 specimens from 

the same batch were produced. The average value for the corresponding strength 

(compressive or flexural) was used as inputs to produce the models. Therefore, 

after inputting the flexural strength (FS) and Unconfined Compressive Strength 

(UCS) values in the DOE, two corresponding models were produced. The data 

analysis was also carried out in JMP® software (Version 14.0. SAS Institute Inc., 

Cary, NC, 1989-2019). Up to five levels of interactions were chosen and the 

forward selection with Akaike Information Criteria (AIC) was applied to 

determine the significance of the models. The model was produced, and the 

optimum results were indicated using the prediction profiler tool for both 

compressive and flexural strength measurements. The desirability factor was 

based on the maximum usage of silt in the mixture. Therefore, the value of the 
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silt was set to 20% and the corresponding values for the remaining components 

were calculated according to the obtained models. 

2.3.2 Sample Preparation 

The samples were prepared by mixing Cement, sand and silt before adding water 

and the additive (Figure 2.2). The mortar was poured into metal molds (4 × 4 × 

16 cm) and was cured at room temperature for 28 days. The samples were first 

tested for flexural strength resulting in each beam to be broken into half. Each 

half was then tested for compressive strength. The whole procedure was based 

on EN 1015-11:2019 (E) standard.  

 

Figure 2.2. Cement mortar sample production and strength (flexural and 

compressive) testing procedure. 

 

 

 



Results and Discussion  Solouki. A 

19 

 

The overall workflow for cement mortar production is shown in Figure 2.3. 

 

Figure 2.3. Flow chart for cement mortar production. 

2.4 Results and Discussion 

An efficient way of studying a mixture in which all components sum to 1 (100%) 

is to use the mixture design approach. With this method, the changes in the 

ingredients of a mixture or blend and the resulting effects on the responses could 

be explored. Thus, by applying the mixture design concept, the effect of cement, 

water, sand, silt and the additive on the responses including compressive and 

flexural strength were investigated.  

The initial model was constructed based on 49 randomized runs. The order of the 

tests was randomized to reduce the chance of bias in the results that could have 

occurred due to differences in materials or experimental conditions. However, to 

improve the accuracy of the models and based on the residual plots, a total of 10 

runs were identified as outliers and were eliminated from the model [45]. 
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Consequently, the second attempt improved the overall accuracy of the models 

up to 20%. The summary of fit and the residual plots for the models are presented 

in Table 2.1 and Table 2.2 and Figure 2.4 and Figure 2.5. The results indicated 

an R2 value of 95.5 and 91.2% for the models related to UCS and FS, 

respectively.  

Table 2.1. Summary of fit. Effect of components on Unconfined Compressive 

Strength (UCS). 

Indicator Value 

R Square 0.955208 

R Square Adj 0.925996 

Root Mean Square Error 3.106147 

Mean of Response 25.78675 

Observations (or Sum Wgts) 39 

Table 2.2. Summary of fit. Effect of components on flexural strength. 

Indicator Value 

R Square 0.911509 

R Square Adj 0.879905 

Root Mean Square Error 0.795718 

Mean of Response 5.679888 

Observations (or Sum Wgts) 39 

 

Figure 2.4. Residual plot for UCS model. 

 

Figure 2.5. Residual plot for the flexural strength model. 
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The design of experiments consisting of 39 randomized runs is presented in Table 

2.3. The flexural and UCS were inputted into the DOE resulting in a model 

(equation). For each of the 39 runs, the obtained model was used to calculate the 

FS and UCS, which are also included in the table as predicted FS and predicted 

UCS. The actual versus the predicted values for flexural and UCS are also 

depicted in Figure 2.6, where the blue line indicates the average value for both 

UCS and FS. The graphs indicate a linear relationship between actual and 

predicted values which is also backed up by the high reliability of the models 

(R2). The calculated models for UCS and FS are presented as supplementary 

data. 

 

Figure 2.6. Actual versus predicted values for: (a) compressive; (b) flexural 

strength. 

Table 2.3. Design of experiments data. 

 Cement (%) Water (%) Sand (%) Silt (%) Additive (%) FS (MPa) UCS (MPa) Pred. FS (MPa) Pred. UCS (MPa) 

1 22.00 20.00 55.65 2.00 0.35 0.00 0.00 −0.31 0.60 

2 22.00 14.65 43.00 20.00 0.35 3.83 18.17 4.16 16.95 

3 24.64 13.56 55.79 5.79 0.215 6.08 30.01 6.92 31.50 

4 28.00 20.00 43.00 8.83 0.17 4.91 19.86 5.70 22.73 

5 24.83 12.00 61.00 2.00 0.17 9.04 34.59 8.06 36.96 

6 22.00 14.83 43.00 20.00 0.17 4.51 18.94 3.94 19.23 

7 22.00 12.00 45.65 20.00 0.35 4.88 20.95 4.37 17.83 

8 22.00 12.00 61.00 4.65 0.35 8.20 30.82 8.68 34.47 

9 28.00 20.00 43.00 8.65 0.35 5.39 18.45 4.38 14.57 

10 28.00 20.00 49.83 2.00 0.17 3.91 16.05 3.03 11.78 

11 23.23 13.56 48.21 14.79 0.215 6.45 27.41 6.43 28.84 
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 Cement (%) Water (%) Sand (%) Silt (%) Additive (%) FS (MPa) UCS (MPa) Pred. FS (MPa) Pred. UCS (MPa) 

12 22.00 14.83 61.00 2.00 0.17 7.19 32.48 6.60 30.93 

13 24.55 13.56 46.79 14.79 0.305 5.20 30.78 6.36 26.95 

14 23.23 17.56 53.12 5.79 0.305 4.77 25.15 4.19 23.09 

15 26.23 17.56 46.79 9.21 0.215 6.68 30.55 6.47 31.59 

16 22.00 12.00 45.83 20.00 0.17 3.40 17.48 3.95 21.04 

17 23.23 13.56 48.12 14.79 0.305 7.07 30.66 6.65 28.65 

18 26.23 13.56 46.79 13.12 0.305 6.84 32.21 7.21 33.33 

19 28.00 12.00 43.00 16.83 0.17 2.85 8.89 3.26 8.95 

20 22.00 20.00 43.00 14.65 0.35 4.49 21.32 4.59 21.30 

21 22.00 12.00 61.00 4.83 0.17 7.70 40.45 8.04 36.64 

22 28.00 12.00 43.00 16.65 0.35 4.80 20.59 3.95 21.84 

23 23.23 14.98 55.79 5.79 0.215 6.72 32.31 5.93 28.51 

24 22.00 20.00 43.00 14.83 0.17 5.35 21.53 5.93 21.70 

25 23.23 17.56 53.21 5.79 0.215 5.20 25.96 4.34 23.66 

26 26.23 17.56 50.12 5.79 0.305 6.02 29.26 5.47 27.90 

27 23.23 14.98 46.79 14.79 0.215 6.02 26.86 6.33 29.60 

28 22.00 14.65 61.00 2.00 0.35 7.46 29.35 7.15 30.08 

29 24.64 13.56 46.79 14.79 0.215 6.25 28.46 6.13 25.89 

30 23.23 14.89 46.79 14.79 0.305 6.95 27.17 6.47 29.18 

31 28.00 12.00 57.65 2.00 0.35 10.31 55.91 9.81 54.70 

32 23.23 13.56 55.79 7.12 0.305 7.34 29.80 6.99 30.37 

33 28.00 12.00 57.83 2.00 0.17 8.87 43.96 9.17 42.33 

34 26.23 17.56 50.21 5.79 0.215 5.98 24.62 5.62 28.73 

35 23.23 14.89 55.79 5.79 0.305 5.63 25.05 6.15 28.45 

36 26.23 13.56 54.12 5.79 0.305 7.77 38.37 7.96 39.10 

37 28.00 20.00 49.65 2.00 0.35 0.00 0.00 1.79 3.86 

38 24.65 12.00 61.00 2.00 0.35 7.48 41.25 8.69 41.14 

39 22.00 20.00 55.83 2.00 0.17 0.00 0.00 0.96 0.70 

FS: flexural strength; UCS: unconfined compressive strength; pred flex: predicted values for flexural 

strength; pred UCS: predicted values for UCS. 

2.4.1 Compressive Strength 

The analysis of variance for the UCS predicted model is shown in Table 2.4. 

Based on the analysis, a change in the amounts of components (cement, water, 

sand, silt, additives) significantly (p < 0.0001) affects the compressive strength 

of the cement mortars. The t-ratio reported in Table 2.5 indicates the influence of 

each component on the resulting compressive strength values. Compared to other 

main components, the sand has the highest effect on UCS followed by cement 

and silt. Thus, the maximized value for the responses will be obtained by 

maximizing the sand component in the mixture. On the other hand, an increase 

in water amount could decrease the UCS value which is shown as a negative ratio 

of −1.63 in Table 2.5. The water and additive did not show a significant effect on 
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the compressive strength (p≰0.05). However, despite their insignificance, the 

water and additive were not deleted from the model. It must be noted that 

components/ingredients could not be deleted in a mixture design process since 

the resulting mixture will be different than the initial one. For instance, if cement 

is removed from the mix, the resulting product will no longer be a cement mortar. 

It is also noteworthy to mention that the main components in Table 2.5 and Table 

2.7 were coded as pseudo-components. This approach simplifies design 

construction and model fitting and makes parameter estimates more meaningful. 

The relationship between silt, sand, cement, water and additives with 

compressive strength are shown in Figure 2.7. The highest value for compressive 

strength is only achieved when the silt amount is minimum (2%). However, the 

addition of 20% silt and 22% cement could produce mortars with approximately 

20 MPa compressive strength (Figure 2.7a). The silt and sand showed a negative 

correlation, where a decrease in silt content increased the amount of sand in the 

mixture. In addition, an increase in sand content led to an increase in compressive 

strength (Figure 2.7b). The effect of sand and cement on the compressive strength 

is also shown in the ternary plots (Figure 2.8a), where an increase in sand and 

cement content increases the final compressive strength. The highest UCS values 

were observed when the sand ratio was between 56 to 58% of the total weight of 

the mortar. The interaction between silt and the additive was not as significant as 

the interactions between silt and other components. For instance, based on Figure 

2.7c, in a few regions, the decrease or increase of additives did not dramatically 

affect the overall UCS. An increase in water content (12 to 20%) led to a decrease 

in the compressive strength of the samples (Figure 2.7d). This was also confirmed 

in Figure 2.8b and is a well-known phenomenon since an increase in water 
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content reduces the compaction rate of the cement/concrete mixtures leading to 

lower compressive strength. 

Table 2.4. Analysis of variance for the UCS model. 

Source DF Sum of Squares Mean Square F Ratio 

Model 15 4732.2927 315.486 32.6991 

Error 23 221.9074 9.648 Prob > F 

U. Total 38 4954.2001 - <.0001* 

Table 2.5. Effect summary/parameter estimates for compressive strength values. 

Term Estimate Std Error t Ratio Prob > |t| 

(Cement-0.22)/0.2083 85.702806 17.88592 4.79 <0.0001 * 

(Water-0.12)/0.2083 −62.6514 38.50179 −1.63 0.1173 

(Sand-0.43)/0.2083 48.611973 4.193305 11.59 <0.0001 * 

(Silt-0.02)/0.2083 9.0094789 3.948727 2.28 0.0321 * 

(Additive-0.0017)/0.2083 −282.3226 278.2153 −1.01 0.3208 

Cement * Water −11.66381 88.82965 −0.13 0.8967 

Water * Sand −21.87772 67.99387 −0.32 0.7505 

Water * Silt 169.97529 66.1488 2.57 0.0171 * 

Sand * Silt 0.2183764 21.45658 0.01 0.9920 

Cement * Additive 5901.5652 1620.775 3.64 0.0014 * 

Water*Additive 808.67954 1254.483 0.64 0.5255 

Cement * Sand * (Cement-Sand) 195.20254 62.03723 3.15 0.0045 * 

Cement * Silt * (Cement-Silt) 254.78546 63.84024 3.99 0.0006 * 

Water * Sand * Silt 409.27446 187.3776 2.18 0.0394 * 

Sand * Silt * (Sand-Silt) −77.41989 18.82222 −4.11 0.0004 * 

Cement * Water * Additive −23724.89 6424.449 −3.69 0.0012 * 

Statistically significant parameters are indicated by * 

One of the aims of conducting a DOE is to benefit from its optimization 

capabilities. During an optimization process, one could aim for maximizing or 

minimizing a certain response. Moreover, the optimization could be achieved by 

defining a certain range or limits. During the optimization process, it is also 

possible to select the best mixture based on a desirable dependent variable. For 

instance, the profiler option in JMP software was used and the amount of silt was 

set to 20%. As illustrated in Figure 2.9, a compressive strength of 22 MPa could 

be achieved when the mixture contains 22% cement, 13% water, 44 sand, 0.17% 

additive and 20% of silt. Decreasing the amount of silt to 16% could increase the 

compressive strength to 26 MPa. However, since the focus of the study was to 
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maximize the use of waste silt, the model was optimized based on the highest 

amount of silt in the mixture. The real mean values obtained for a different 

amount of silt is depicted in Figure 2.10, where the maximum strength was 

obtained when only 5% of waste silt was introduced into the mixture. 

 

Figure 2.7. Contour plots for 28 days compressive strength: (a) silt–cement; (b) 

silt–sand; (c) silt–admixture; (d) silt–water. 
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Figure 2.8. Ternary contour plots for 28 days compressive strength comparing 

component ratios: (a) cement–silt–sand; (b) cement–silt–water. 
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Figure 2.9. Optimization of 28 days compressive strength based on maximized 

silt content. 

 

Figure 2.10. Mean values for 28 days UCS (MPa) versus silt content (%). 

2.4.2 Flexural Strength 

Based on the ANOVA analysis, a change in the components including cement, 

water, sand, silt and additive significantly affected the flexural strength of the 

cement mortars (p < 0.0001) (Table 2.6). The t-ratio reported in Table 2.7 

indicates the influence of each component on the resulting flexural strength 

values. Compared to other main components, the sand has the highest effect on 



Results and Discussion  Solouki. A 

28 

 

the mechanical properties, followed by cement. Water had a high and negative 

correlation with flexural strength. Silt and additive do not have a significant effect 

on the final response. However, the interaction between water-silt is high and 

comparable to the effect of sand. Thus, the maximized value for the response will 

be obtained by maximizing the sand component in the mixture. As mentioned 

before, despite their insignificance, the silt and additive could not be deleted from 

the model because of the nature of the mixture design. 

Table 2.6. Analysis of variance for flexural strength model. 

Source DF Sum of Squares Mean Square F Ratio 

Model 10 182.61511 18.2615 28.8415 

Error 28 17.72870 0.6332 Prob > F 

U. Total 38 200.34381 - <.0001* 

Table 2.7. Effect summary/parameter estimates for flexural strength values. 

Term Estimate Std Error t Ratio Prob > |t| 

(Cement-0.22)/0.2083 17.270749 1.904416 9.07 <0.0001 * 

(Water-0.12)/0.2083 −13.02035 1.903995 −6.84 <0.0001 * 

(Sand-0.43)/0.2083 9.6833449 0.748193 12.94 <0.0001 * 

(Silt-0.02)/0.2083 0.5155091 0.79756 0.65 0.5233 

(Additive-0.0017)/0.2083 73.118157 45.426 1.61 0.1187 

Water * Silt 44.859904 4.34842 10.32 <0.0001 * 

Sand * Silt 7.619343 2.810101 2.71 0.0113 * 

Cement * Sand * (Cement-Sand) 31.001789 10.3192 3.00 0.0056 * 

Cement * Silt * (Cement-Silt) 23.954223 10.01144 2.39 0.0237 * 

Sand * Silt * (Sand-Silt) −15.11265 4.698824 −3.22 0.0033 * 

Water * Additive * (Water-Additive) −1462.162 549.0786 −2.66 0.0127 * 

Statistically significant parameters are indicated by * 

The relationship between silt, sand, cement, water and additive with the flexural 

strength are shown in Figure 2.11. Like the compressive strength, the highest 

value for flexural strength is only achieved when the silt amount is set to a 

minimum (2%). However, the addition of 20% silt and 22% cement could 

produce mortars withstanding approximately 4.0 MPa of flexural strength 

(Figure 2.11a).  
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Figure 2.11. Contour plots for 28 days flexural strength: (a) silt–cement; (b) silt–

sand; (c) silt–admixture; (d) silt–water. 

With the silt content fixed at 2%, the flexural strength decreased when the sand 

content increased from 50 to 55%. This could be due to the higher content of 

cement in the mixture (Figure 2.11b). However, when the amount of silt is 

increased to 10% or higher, an increase of sand content in the mortar mixtures 

improves the flexural strength. An increase in the additive content improved the 

flexural strength, which is visible in the contour plot (Figure 2.11c). Regardless 

of silt content, the flexural values improve with higher additive values. However, 

this trend reverses and the flexural strength starts to decrease for additive values 

higher than 0.3%. Similar trends were observable for the model constructed for 

the compressive strength. The effects of water, sand and silt on the flexural 

strength are also observable in the ternary plot (Figure 2.12). The increase of silt 
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follows a similar trend to water and decreases the flexural strength of the mixture. 

However, it is only the sand that improves the final strength of the mixture.  

 

Figure 2.12. Ternary contour plot for 28 days flexural strength. 

The profiler option in JMP software was used and the silt was set to 20 percent. 

As illustrated in Figure 2.13, a flexural strength of 4.0 MPa could be achieved 

when the mixture contains 22% cement, 13% water, 44.83% sand, 0.17% 

additive and 20% of silt. Decreasing the amount of silt to 16% could increase the 

strength to 6 MPa. However, as highlighted before, the current work aimed to 

improve the silt content without compromising the cement mortar performances. 

Water to cement ratios for both responses was approximately 0.59 which is 

slightly higher than the normal values (W/C = 0.5). Due to the nature of silt/clay 

particles extra water is required to increase the workability of the cement mortar 

mixtures [46]. The real mean values obtained for different amounts of silt is 
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depicted in Figure 2.14, where the maximum strength was obtained when only 

5% of waste silt was introduced into the mixture. 

 

Figure 2.13. Optimization of 28 days flexural strength (MPa) based on 

maximized silt content. 

The overall trend indicates and confirms a decrease in the strength with an 

increase of silt content in the mortar mixtures.  

 

Figure 2.14. Mean values for 28 days flexural strength (FS) (MPa) versus silt 

content (%). 
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2.5 Conclusions 

The current research focused on producing cement mortars by partially 

substituting natural sand with the waste silt obtained from the limestone 

aggregate production in S.A.P.A.B.A. s.r.l. (Italy). Thus, a DOE method was 

proposed to define the optimum mix design, aiming to include waste silt without 

affecting the final performance of the cement mortar. Three cement mortar beams 

were produced and tested for each of the 49 randomized mixtures defined by the 

DOE method. The obtained results validate the design approach and suggest the 

possibility of substituting up to 20% of natural sand with waste silt (by weight) 

in cement mortar mixtures. The corresponding maximum compressive and 

flexural strength were reported as 22 MPa and 4.0 MPa, respectively. However, 

by reducing the silt amount to 16%, the compressive and flexural strength will 

increase to approximately 30 and 6.5 MPa, respectively. The silt particles are 

larger than natural sand and shorter than clay minerals. When silt and clay 

particles are introduced into cement/concrete mixtures, more water is required 

for producing a homogenized mixture. However, the addition of too much water 

could decrease the compaction of the mixture and reduce the final strength of the 

mixture. The addition of a special admixture improved the mixing process of the 

mixture even though it showed no significant effects on the models. Recycling a 

high amount of washed silt into cement-bound materials could dramatically help 

with the recycling process of such material and decrease its adverse impact on 

the environment. 
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Chapter 3: Mixture Optimization of Concrete 

Paving Blocks Containing Waste Silt 

3.1 Introduction 

As time has passed, sustainability has gained more and more interest amongst 

researchers, authorities, and politicians and has shifted far away from just being 

a concept. Nowadays, millions of contexts are available that discuss 

sustainability from different viewpoints. The construction sector, for instance, 

has been focusing on various aspects of sustainability and many efforts have been 

put into producing eco-friendly and sustainable infrastructure. Out of the several 

examples and approaches, one could point out the recycling of waste or by-

products into construction materials. 

Most of the waste materials are secondary products of various manufacturing 

processes, such as the aggregate washing process, stone quarries, etc. Recycling 

such material is of paramount importance since it could reduce the adverse 

environmental impacts due to landfills. These kinds of materials have been used 

in the production of several products, such as geopolymers, cement mortars, 

artificial aggregates, and pavements [9,21,43,47–50].  

Concrete paving blocks are building elements being used in roads, pedestrian 

walks, driveways, and parking lots. Various studies have attempted to build 

paving blocks containing waste products [51,52]. This would decrease the use of 

natural aggregates, where approximately up to 3 billion tons of non-renewable 

natural aggregates are demanded by the construction sector [20].  
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For instance, both conventional construction and demolition (C&D) and waste 

material from concrete and ceramic precast production was reused as a source of 

aggregates to produce new concrete floor blocks. It was claimed that the latter 

waste material outperformed C&D waste adopted for the same application [53]. 

The specification of the produced floor blocks was in line with the European 

standards even at 100% replacement. Similar results were obtained when 100% 

recycled concrete aggregates (RCA) were used for the manufacturing of new 

paving blocks [54]. The authors indicated a slight decrease in the strength of the 

produced samples. However, the experimental paving blocks fulfilled the 

accepted limits. A different approach was adopted by Penteado et al. (2016), who 

used ceramic polishing waste and ceramic tile waste as a partial replacement for 

cement and sand, respectively, for the production of paving blocks [55]. The 

findings suggested that the replacement of 30% fine aggregate or 20% cement 

with ceramic tile wastes to produce paving blocks is suitable for heavy vehicle 

traffic. Similar methods of replacing waste material with cement to produce 

concrete paving blocks have been investigated by various researchers [56–58].  

Natural aggregate production includes a washing process that cleans the 

aggregates from dirt and mud. During limestone aggregate production, the water 

used could be contaminated with silt particles. By nature, silt particles are bigger 

than clay and are formed from two main crystal layers of silica (tetrahedral) and 

alumina (octahedral). Similar to clay materials, silt is not a favorable material, 

and its application in infrastructure requires special attention [46]. Several studies 

have investigated the feasibility of using clay materials in various applications 

[59]. For instance, a study aimed to investigate the inclusion of RCA and crushed 

clay bricks (CCB) on the mechanical properties of recycled concrete [60]. The 

results indicated that 50% of CCB decreased the workability of the concrete 
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samples, making them hard to compact and mix. CCB influenced the 

compressive and splitting tensile strength the most. 

Partition and paving blocks were produced from recycled marine sediments 

consisting of gravel, sand, silt, and clay [61]. The paving blocks produced with 

raw sediment had the highest profit based on the cost–benefit assessment. As a 

similar concept, the sedimentation of a mud dam was extracted and efforts were 

made to produce bricks and building materials [13]. The extracted sediments 

were composed of 74% of silt. To ensure better performance, lime, cement, and 

glass powder and fiber were also included in the brick mixtures and the 

compressive strength and flexural strength of the samples were studied. Overall, 

it was concluded that some of the mixtures had the potential to be used as building 

materials.  

Soil containing gravel, sand, silt, and clay was stabilized with cement to produce 

mud-based paving blocks [62]. The splitting tensile strength of the mud blocks 

was suitable for pedestrian footpaths. The final composition of the mud paving 

blocks suggested that soil containing 5% fine particles could be used. 

In a different approach, waste brick powder (WBP) was added to stabilize silt 

with high plasticity properties [63]. The WBP ranged between 6 and 30% of the 

dry soil weight. The authors concluded that the addition of WBP increased the 

compressive strength, California Bearing Ratio, and density of the silt, whereas 

various parameters such as Atterberg limits, linear shrinkage, and free swelling 

decreased. 

The feasibility of using limestone dust and cement to produce masonry blocks 

was investigated by Galetakis et al. (2004) [64]. The cylindrical samples 
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presented compressive strengths above 7 MPa, indicating the suitability of using 

quarry waste and cement mixtures to produce bricks. 

To control and manage stormwater, efforts were made to produce porous clay 

paving blocks containing rice bran [65]. The clay soil constituted about 14% silt 

and clay particles. Interestingly, the porous bricks were able to meet the 

requirements of the WHO standard in terms of wastewater reuse application. It 

was further indicated that the application of rice bran below 10% could provide 

sufficient strength and drainage, allowing the bricks to be used in lightweight 

pedestrian areas. 

Various studies have benefitted from the mixture design method for optimizing 

their mixtures and blends. For instance, the DOE method was used to predict the 

compressive strength of concrete samples from early aged mixtures. A total of 

114 samples were tested and the ACI stepwise method was applied. The authors 

indicated that the suggested models were capable of predicting the 28th day 

compressive strength of the concrete samples [66]. A mixture design was applied 

by [67], where different combinations of polymer concretes including resin, 

aggregates and microfiller were studied. The mentioned components were also 

limited through upper and lower values. Various mechanical properties such as 

compressive, flexural, tensile, and splitting tensile strength were tested and 

included in the model as the responses. The authors suggested an overall mixture 

being optimized based on the maximized desirability of all responses [67]. 

Defining upper and lower limits for variable components and limiting the sum of 

two or three variables to a certain value is common and results in producing an 

irregular experimental region [68]. In some cases, researchers benefit from 

multiple optimization methods and combine various numerical methods with 
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DOE. For instance, both a numerical method and a DOE were used to optimize 

the thermal performance of lightweight concrete building blocks [69]. The 

authors optimized the blocks for the best thermal insulation, keeping the 

manufacturing cost at a minimum. 

The available data on concrete paving blocks containing waste silt are quite 

scarce. Thus, the present study aimed to investigate the feasibility of including 

high amounts of silt in concrete paving blocks. For this purpose, two objectives 

were set: the optimization of paving-block mix design through the Design of 

Experiments (DOE) approach and the physical and mechanical characterization 

of the obtained paving blocks based on the EN 1338 standard.  

3.2 Materials and Methods 

The production of paving blocks was divided into two different sections. In the 

first section (Phase I), a total of 12 different aggregate combinations were defined 

by the Design of Experiments model. Consequently, a total of 12 mixtures with 

different aggregate blends were produced and the tensile splitting strength of each 

sample was applied to the DOE model. JMP software was used to optimize the 

mathematical model and an optimized model was proposed to identify the best 

aggregate blend. In Phase II, a total of 9 samples were produced using the 

proposed aggregate blend, which were characterized based on the EN 1338 

standard. 

3.2.1 Materials 

The aggregates including gravel (4–8 mm), sand (0–4 mm), and silt were 

provided by S.A.P.A.B.A. The chemical and mineralogical properties of the silt 

is fully described in Section 1.3. The recorded values for bulk density (EN 1097-

6), sand equivalent (EN 933-8), and harmful fines (EN 933-9) of the sand and 
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gravel are presented in Table 3.1. A 42.5 R cement was used for the paving blocks 

(Buzzi Unicem, Casale Monferrato, Italy). In addition, a specific additive that 

allows the use of swelling clays or aggregates with very high fines was used.  

Table 3.1. Sand and gravel physical properties. 

Material 
Bulk Density (g/cm3)  

EN 1097-6 

Sand Equivalent (%) 

 EN 933-8 

Harmful Fines 

(gMB/Kg)  

EN 933-9 

Sand (0–4 mm) 2.616 92 0.5 

Gravel (4–8 mm) 2.667 - - 

 

3.2.2 Design of Experiments and Mixture Optimization 

For the current study, JMP® software (Version 14.0. SAS Institute Inc., Cary, 

NC, USA, 1989–2019) was used to produce the mixture designs. The three main 

components (input variables) were selected as gravel, sand, and silt, and the 

response output was selected as the tensile splitting strength (T). Producing pure 

mixtures only containing one component was not in favor of the research. Thus, 

the components were limited to lower (0) and upper boundaries (1) corresponding 

to 0 and 100%, respectively (Table 3.2). 

Table 3.2. Mix design components: upper and lower boundaries. 

Indicator Upper Lower 

Gravel 0.00 0.65 

Sand 0.00 0.65 

Silt 0.00 0.40 

 

The DOE produced a total of 12 randomized runs. More specifically, the second-

degree model was produced by selecting the forward stepwise approach. 

Furthermore, minimum BIC (Sawa Bayesian information criterion) was selected 

over AICc (corrected Akaike information criterion) due to having a lower value. 

The BIC and AICc are information criteria methods used to assess model fit while 
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penalizing the number of estimated parameters. The mixture suggested for each 

run was used to produce the concrete paving block tested in terms of tensile 

splitting strength. The model was further analyzed using JMP software and the 

profiler tool was benefitted to optimize the final aggregate gradation. Concrete 

Paving-Block Preparation 

A total of 12 concrete mixtures each with three replicas were created based on 

the DOE model design. To produce each set, cement and proportioned aggregates 

were mixed. Water and the special additive were added to the mixture. For each 

mixture, the aggregate-to-cement ratio (A/C) was fixed at 4.62 and enough water 

was added to reach a slump value of 0. The A/C ratio was recommended by a 

local paving-block producer. The material was then transferred to special plastic 

molds. The samples were demolded after 24 h and were cured for 28 days before 

testing. Figure 3.1 illustrates the mixing process and the final demolded samples. 

 

Figure 3.1. Concrete paving block specimen. Each set of blocks contains 3 

repeats and are numbered from right to left. The mixture design of each block is 

presented in Table 3.3. 
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2.4. Concrete Paving-Block Characterization 

Once the optimized mix design from the DOE analysis was achieved, the 

suggested blend was adopted to produce paving blocks for the following 

characterization based on the EN 1338 standard: 

• Shape and dimensions; 

• Weathering resistance in terms of water absorption; 

• Tensile splitting strength (T); 

• Abrasion resistance; 

• Slip/skid resistance. 

This European standard is specific to concrete paving blocks and classifies 

concrete bricks into various categories based on their performance.  

3.3 Results and discussion 

3.3.1 Phase I: Mix Design Optimization through the Design of Experiments 

Approach  

Cement concrete mixtures are composed of various ingredients, such as cement, 

aggregates, additives, and water, where all components add up to 100%. The 

composition of aggregates including coarse, fine, and fillers of concrete mixtures 

also follows the same principle, i.e., the sum of the components equals 1 (100%). 

An effective method of studying such blends, where changes in the mixture 

composition could affect various outcomes (responses), is by applying the 

mixture design method. Consequently, the effect of various aggregate 

compositions (gravel, sand, and silt) on the splitting tensile strength (T) of cement 

concrete paving blocks was studied using the DOE method.  
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In this study, the input variables were gravel, sand, and silt (%), and the T of the 

resulting mixtures was selected as the response. To provide a model, the Design 

of Experiments indicated 12 randomized runs each with a different aggregate 

gradation. T was obtained based on the EN 1338 standard for each mixture and 

the average values were included in the DOE (Table 3.3). 

Table 3.3. Design of experimental data. 

Run Gravel (%) Sand (%) Silt (%) T (MPa) 

A 1 0.3 0.3 0.4 0.4 

F 2 0 0.6 0.4 0.91 

I 3 0.5 0.5 0 1.87 

D 4 0.625 0 0.375 0.67 

G 5 0.65 0.175 0.175 1.24 

E 6 0 0.65 0.35 0.83 

B 7 0.65 0 0.35 0.47 

J 8 0.65 0.35 0 1.91 

K 9 0.35 0.65 0 2.8 

C 10 0.6 0 0.4 0.52 

H 11 0.175 0.65 0.175 1.26 

B 12 0 0.625 0.375 0.47 

 

The highest value for T was obtained for the ninth sample with 0% silt (2.8 MPa), 

whereas the lowest value (0.4 MPa) was related to the first mixture with 40% silt. 

Furthermore, the usage of a higher amount of silt increased the water-to-cement 

ratio of the mixture, limiting the compaction rate. Low T values were also 

observed for samples lacking coarse aggregates (gravel), such as samples 2, 6, 

and 12. A good gradation curve is vital to having desirable strength. A very dense 

or gapped gradation could tamper with the final compaction, resulting in lower 

mechanical values. 

The summary of fit for the produced model is presented in Table 3.4, indicating 

an R2 value of 90.55. The produced model was then used to predict the 

corresponding T value for each of the 12 mixtures. The actual versus the 

predicted T values are depicted in Figure 3.2, where the blue line indicates an 
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average T of approximately 1.1 MPa. Table 3.6 shows the significance of adding 

a term to a model given that the other terms are already entered. For instance, 

sand added the highest significance to the model, followed by gravel. On the 

other hand, the silt parameter did not have a significant effect on the model (p < 

0.05). In such cases, one could eliminate the insignificant parameter from the 

model, improving the overall accuracy. However, the elimination of insignificant 

parameters is not possible for the mixture design approach. A concrete mixture 

is composed of different ingredients, such as cement, water, and aggregates. By 

removing any of these components from the design, the produced outcome will 

no longer be a concrete mixture. Thus, the silt parameter was kept in the model. 

Moreover, the coefficient of the factors (gravel, sand, and silt) is indicated in the 

T ratio column of Table 3.6. It is observable that silt had a negative value of 

−0.61, indicating that an increase in the silt content decreased the overall strength 

of the concrete bricks. This occurred because a high amount of silt increases the 

need for water in the mixture, which results in lower strength values. Overall, the 

produced model showed a very high significance value (p < 0.0002), as indicated 

by the analysis of variance Table 3.6).  

Table 3.4. Summary of fit. 

Indicator Value 

RSquare 0.91 

RSquare Adj 0.87 

Root mean square error 0.27 

Mean of response 1.11 

Observations (or sum wgts) 12 
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Figure 3.2. Actual vs. predicted T values. 

Table 3.5. Parameter estimates. 

Term Estimate Std Error T Ratio Prob > |t| 

Gravel (%) (Mixture) 1.2302425 0.475316 2.59 0.0322 

Sand (%) (Mixture) 3.068301 0.502842 6.10 0.0003 

Silt (%) (Mixture) −0.570944 0.916089 −0.62 0.5505 

Sand (%) * Silt (%) −4.43013 2.750201 −1.61 0.1459 

The main components of the DOE include the term “(Mixture)”. These components cannot be deleted during 

model optimization even if they show insignificant differences. 

Table 3.6. Analysis of variance for the produced model. 

Source DF Sum of Squares Mean Square F Ratio 

Model 3 5.5204633 1.84015 25.5594 

Error 8 0.5759617 0.07200 Prob > F 

U. total 11 6.0964250  0.0002 

The relationship between aggregate composition and T was studied by producing 

contour plots (Figure 3.3). The final percentages of silt, sand, and gravel directly 

affected the final strength of the brick samples. In both cases (Figure 3.3a, b), the 

highest value for T was obtained when the percentage of silt was below 5% (total 

aggregate weight). Moreover, to reach the maximum strength (T > 2.5 MPa), the 

amount of sand and gravel need to be approximately between 60 and 65% and 33 

and 38%, respectively. The silt had a negative interaction with both sand and 
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gravel, i.e., an increase in silt content resulted in lower T results. This is also 

observable in the contour plots, where the application of more than 30% of silt 

dramatically decreased the strength. 

 

Figure 3.3. Contour plots for splitting tensile strength: (a) silt-sand and (b) silt-

gravel. 

One of the most important goals when conducting a Design of Experiments 

through JMP software is to benefit from its powerful optimization tools. The 

profiler option provides a cross-section of the model, where the curve of each 

factor shows the relationship with the response based on the levels of other 

factors. In model optimization, various factors could be considered. One 

approach is to use the profiler to maximize or minimize the desirability, that is, 

by simultaneously changing each available variable factor to achieve the target 

value. However, some design blends may have costly ingredients, or, on the 

contrary, may include waste/by-products that need to be recycled into certain 

products. In such scenarios, the variable factor could be fixed at a desired value 

and the corresponding outcome or response would be optimized accordingly. The 

current research aimed to maximize the amount of recycled silt in the production 

of concrete paving blocks. Thus, the profiler tool in the JMP software was used 
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to optimize the concrete mixture accordingly (Figure 3.4). The optimum blend 

had an approximate T of 1.49 MPa, resulting from a mixture consisting of 15, 65, 

and 20% gravel, sand, and silt, respectively. The amount of silt was fixed at 20% 

and the remaining parameters were calculated accordingly. In Figure 3.4, the 

values presented in the brackets (1.2112, 1.76643) are the 95% confidence 

intervals for the tensile splitting strength values. The dotted red lines indicate the 

selected value for each parameter and the resulting outcome (T) of the model. 

The slope of the factors represents the coefficient of the parameters, which is also 

tabulated in Table 3.6. Figure 3.4 also includes the graphs related to the 

desirability factor of the mathematical model. The desirability function 

normalizes the responses from the lowest (0) to the highest obtainable value (1). 

From the desirability graphs (Figure 3.4) it is concluded that by using the 20% 

silt in the mixture, only 45.5% of the possible T values were obtained.  

 

Figure 3.4. Model optimization using the profiler tool in the JMP software. 

To further understand the model and study the relationship between different 

variables and their effect on the final strength, a ternary plot was produced 

(Figure 3.5).  
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Figure 3.5. Ternary plot. The alphanumerical labels refer to the corresponding 

runs shown Table 3.3. 

The white section represents the model area. However, the constraints applied to 

the variable parameters are shown in the grayed-out section of the plot. The 

splitting tensile strength obtained through the mechanical test for each sample 

(run) is designated in alphanumerical labels in the ternary plot. The labels are 

also included in Table 3.3. The marker indicates the area in the plot where the 

optimum mixture was achieved. In addition, the red-dotted line corresponds to a 

strength equal to 1.489 MPa, as obtained in Figure 3.4. The ternary plot also 

shows that a decrease in silt content and an increase in sand content increased the 

overall strength of the samples. The plot shows that the same value of 1.489 MPa 

was achievable using less silt, that is, 8.5% instead of 20%. However, this would 

lead to recycling less silt into concrete paving blocks. 
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All in all, according to the profiler optimization, the final values selected for 

gravel, sand, and silt were calculated as 15, 65, and 20%, respectively. The final 

mixture was conducted based on the optimized aggregate gradation, keeping the 

aggregate-to-cement ratio at 4.62. Similar to the production of the first mixtures, 

enough water was added to achieve slump values close to 0.  

3.3.2 Phase II: Concrete Block Characterization 

The optimized mixture design from the DOE method was used, considering an 

aggregate-to-cement ratio of 4.62 and a water-to-cement (W/C) ratio of 0.58 to 

achieve slump values close to 0. The high W/C ratio was due to the presence of 

silt and clay materials that have a larger surface area compared to sand and gravel, 

resulting in higher absorption power. 

A total of nine concrete paving blocks were produced and tested following the 

specifications of the EN 1338 standard. In the following sections, the results 

related to the tests specified in the standard are presented. 

3.3.2.1  Measurements 

The consistency of the paving blocks was verified through geometrical 

measurements, making it a compulsory test based on Annex C of the EN 1338 

standard. A total of nine blocks were produced and the measurements were 

recorded to the nearest millimeter. The dimensions, deviation, and permissible 

deviations are reported in Table 3.7. The obtained results indicate that the 

produced blocks were in line with the suggested requirements proposed by the 

standard. Therefore, the addition of silt to the concrete paving blocks did not have 

any adverse effects on the final produced materials in terms of geometrical 

properties. The standard also classifies the bricks based on their weight per square 

meter. The average value obtained for the concrete paving blocks was 121.04 



Results and discussion  Solouki. A 

48 

 

kg/m2, which is within the 120–180 kg/m2 range noted for common concrete 

paving blocks. 

Table 3.7. Concrete paving block average measurements and deviations. 

Measurement Length (mm) Width (mm) Height (mm) 

Concrete blocks 200 100 60 

Deviation  ±1 ±2 ±2 

Permissible deviation ±2 ±2 ±3 

3.3.2.2  Water Absorption 

Among the two methods defined by Annex E of the EN 1338 standard, the water 

absorption approach was selected to determine the weathering resistance of the 

paving blocks. The average data obtained for three samples regarding the water 

absorption are presented in Table 3.8. 

Table 3.8. Average water absorption data and limits. 

Paving Block Water Absorption (%) 

Concrete block 7.78 ± 1 

EN 1338 limit <6% (class 1-Mark B) 

This test is of paramount importance for paving blocks to be used in pedestrian 

areas. Since the porosity of a material is directly responsible for its saturation 

level, the water absorption test could indirectly provide insight into the air-void 

content of the paving blocks. The standard suggests values lower than 6% for 

moisture content, whereas the concrete paving blocks showed a water absorption 

rate of 7.78%. Since no pressure was applied during the paving-block production, 

lower compaction rates were obtained. Studies have provided different methods 

for decreasing the water absorption of silt, such as applying pressure and 

vibration at high frequencies [25] or by adding lime to concrete mixtures [70]. 

3.3.2.3 Tensile Splitting Strength 

The only mechanical test specified by the EN 1338 standard is the tensile splitting 

strength test. Table 3.10 presents the obtained average value of T and failure load 
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(F) for three identical concrete paving-block samples. The standard states that the 

obtained values should not be lower than 3.6 MPa and 250 N/mm, respectively. 

None of the paving blocks reached such requirements. The average of the three 

samples tested equaled 1.7 MPa, which is about half of the required strength. 

Applying pressure during molding of the samples will most likely increase the 

final strength of the samples. Furthermore, the amount of water used to produce 

the paving blocks containing silt was higher than the normal water-to-cement 

ratios of common paving blocks. Thus, water could have limited the compaction 

rate, resulting in a low tensile splitting strength for the samples. 

Moreover, the adopted casting method could be responsible for the formation of 

air voids, suggested by the high water absorption and low mechanical properties. 

The adoption of vibration at high frequencies and pressure during the molding 

procedure could decrease the porosity of the material, improving both properties. 

Table 3.9. Tensile splitting strength of concrete paving blocks after 28 days. 

Paving Block T(MPa) F (N/mm) 

Concrete block 1.7 ± 0.2 183.83 ± 3.0 

EN 1338 limit >3.6 >250 

 

3.3.2.4 Abrasion Resistance 

The ability to withstand friction is defined as the abrasion resistance of a surface, 

which correlates directly to its durability. The wide wheel abrasion test was used 

to evaluate the abrasion resistance of the paving blocks based on the EN 1338 

standard (Figure 3.6). 
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Figure 3.6. Wide wheel abrasion test on concrete paving blocks. 

The obtained results and classification of the bricks are provided in Table 3.10. 

The average of three experimental bricks had an abrasion of 25.48 mm, 

classifying the bricks as Class 1-Mark F based on the standard. The curing 

conditions, mix design, and final surface of the paving blocks can directly affect 

the abrasion value [43]. Thus, improved resistance in terms of abrasion could be 

achieved through better curing of the bricks or by the inclusion of various 

materials such as waste rubber [71,72].  

Table 3.10. Abrasion resistance for the concrete paving blocks. 

Paving Block Groove Dimension (mm) Classification (EN 1338) 

1 26.26 - 

2 24.27 - 

3 25.90 - 

Average 25.48 Class 1-Mark F 

3.3.2.5 Skid Resistance 

The safety of pedestrians is an important parameter that should be considered 

during the production of paving blocks. One of the most important functional 

characteristics could be the unpolished slip-resistance value (USRV), as 

indicated in Annex I of the EN 1338 standard. The USRV indicates the suitability 

of paving blocks’ finishing surface for pedestrians. The USRV of three identical 
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paving blocks is shown in Table 3.11. The concrete paving blocks showed 

considerable skid resistance and fell within the lower and upper limits suggested 

by some guidelines. However, no limitations or suggestions are given by the EN 

1338 standard. The inclusion of silt did not affect the slip/skid resistance of the 

material and the produced concrete paving blocks showed acceptable USRV 

values.  

Table 3.11. Skid resistance of paving blocks. 

3.4 Conclusions 

A Design of Experiments (mixture design) was applied to investigate the 

feasibility of including waste silt in concrete paving blocks. Based on the DOE, 

a total of 12 different aggregate blends consisting of gravel, sand, and silt were 

produced. Each of the 12 blends were tested for tensile splitting strength based 

on the EN 1338 standard. The produced model was then optimized using JMP 

software, resulting in the final blend having 15% gravel, 65% sand, and 20% of 

silt. The second phase of the study focused on the physical and mechanical 

properties of the concrete paving blocks produced with the optimized mix design. 

Based on the EN 1338 standard, shape and dimension measurements and various 

tests, including weathering resistance in terms of water absorption, tensile 

splitting strength, abrasion resistance, and slip/skid resistance, were conducted. 

The summary of the findings are as follows: 

• The DOE method proved to be suitable for mixture optimization of 

the experimental concrete paving blocks.  

Paving Block USRV 

1 73.4 

2 71.4 

3 72.2 

Average 72.3 
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• The samples produced with the optimum mixture showed consistency 

in terms of physical measurements, implying that the addition of silt 

did not negatively affect the workability of the concrete. 

• The water absorption of the paving blocks was calculated as 7.78%, 

which is higher than the recommended values. This phenomenon 

could be related to the casting procedures, which allowed the 

formation of water-accessible voids.  

• The recorded T values were lower compared to the required values 

for paving blocks. 

• In terms of abrasion resistance, the experimental paving blocks fell in 

the lowest class foreseen in the EN 1338 standard. Improved curing 

methods or including specific materials in the mix design could 

improve the performance of the concrete blocks.  

• The skid resistance fell within the recommended range, showing 

sufficient friction. This will assure the safety of pedestrians.  

All in all, this preliminary laboratory characterization showed promising results 

to produce concrete paving blocks containing waste silt. However, improvements 

are needed to validate the application of this experimental material for the 

construction of paving areas.  
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PART II: GEOPOLYMER CEMENT 

PART II consists of Chapters 4, 5 and discusses the recycling of the waste silt 

into geopolymer-based materials. The First chapter summarizes the literature 

surrounding geopolymer production using waste mineral fillers. The second 

section determines the optimum calcination conditions of the waste silt. Finally, 

geopolymer paving blocks are produced and characterized according to EN 1338 

standard.   

The studies presented in this section have been published as follows: 

1.  Solouki, A.; Viscomi, G.; Lamperti, R.; Tataranni, P. Quarry Waste as 

Precursors in Geopolymers for Civil Engineering Applications: A Decade 

in Review. Materials (Basel). 2020, 13, 3146, doi:10.3390/ma13143146. 

2.  Solouki, A.; Fathollahi, A.; Viscomi, G.; Tataranni, P.; Valdrè, G.; Coupe, 

S.J.; Sangiorgi, C. Thermally treated waste silt as filler in geopolymer 

cement. Materials (Basel). 2021, 14, doi:10.3390/ma14175102. 

3. Mechanical, thermal and microstructure properties of silt-based 

geopolymer paving blocks. (under review) 

4.  Moro, D.; Fabbri, R.; Romano, J.; Ulian, G.; Calafato, A.; Solouki, A.; 

Sangiorgi, C.; Valdrè, G. Thermal, X-ray Diffraction and Oedometric 

Analyses of Silt-Waste/NaOH-Activated Metakaolin Geopolymer 

Composite. J. Compos. Sci. 2021, 5, 269, doi:10.3390/jcs5100269. (The 

paper is an outcome of the PhD. However, it is not included in the 

dissertation) 
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Chapter 4: Quarry Waste as Precursors in 

Geopolymers for Civil Engineering Applications: 

A Decade in Review 

4.1 Introduction 

Road and construction sectors are practicing greener solutions where aggregate 

recycling has become an essential principle for most authorities. Various studies 

have investigated the feasibility of recycling 100% of asphalt pavements [73–75] 

or have tried to produce concrete using construction and demolition waste [76]. 

Nevertheless, aggregate quarries still must keep up with the global demand for 

virgin aggregates. The aggregates are transported to the processing plants where 

they are first crushed into smaller and manageable sizes. The crushing and 

milling stages are usually followed by screening and washing of aggregates prior 

to final stockpiling. The water used during the washing process is directed to 

precipitation tanks for further processing. The resulting residue, which is mainly 

consisted of dirt and very fine powdery substances, are piped out into artificial 

lakes and ponds called tailing mines. These materials, mostly mineral fillers from 

plant processes, could become an environmental issue because of the landfilling 

limitations and strict legislation on their disposal. 

Over the past decades, various techniques and methods have been employed as 

solutions for recycling mining waste. For instance, tungsten mining waste has 

been processed and used as a filler in asphalt pavements. The study substituted 

the mining waste with the typical limestone filler in asphalt pavement. The results 

did not indicate any adverse effects of the waste filler on the performance of 

tested hot mix asphalts [77]. With a similar concept, magnetite was used as a 
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filler in various mastic mixtures with the aim of providing a solution for recycling 

mining waste and microwave healing of asphalt pavements [78]. Other 

approaches to recycling waste mineral fillers include the application of mining 

waste in cement paste backfill [79], recovery of valuable metals [8,9], paint 

production [80], carbon capture and storage [81], and concrete production [82]. 

All methods follow one aim, which is to reduce the impact of mineral waste on 

the environment [83]. 

Alternatively, some quarry wastes are both rich in aluminosilicates and have the 

proper mineralogy, which allows their application as precursors to produce 

geopolymer cement and similar synthetic materials. Geopolymers are alternative 

binders which have diverse applications in various fields such as coatings and 

adhesives [84], fiber composite production [85], decorative stone artifacts [14], 

thermal insulations [86], building materials, low-energy ceramic tiles [87], waste 

encapsulation [88], thermal shock refractories [14], biotechnologies [88], etc. 

Geopolymers were first introduced by Joseph Davidovits in the early 1970s, 

where his primary aim was producing nonflammable and noncombustible 

plastics. During his studies he discovered that the synthesis of some organic 

plastics in alkali solutions as well as mineral zeolites and feldspathoids were 

driven by the same hydrothermal conditions. Through further reviewing of 

zeolites synthesis-related patents and literature he realized a gap, which had not 

been investigated before. Afterwards, he developed materials rich in 

aluminosilicates with a three-dimensional amorphous to a semi-crystalline 

structure and coined it as geopolymers [14,89]. In other words, geopolymers are 

mineral polymers produced through geochemistry or geosynthesis and their 

discovery has increased the scientific interests and application of a new class of 

inorganic polymers over the past decades. For instance, kaolinitic clays were wet 
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mud and were only processable through compression or extrusion. However, in 

1975, a geopolymer in the form of a liquid binder was discovered and patented, 

which included metakaolin and soluble alkali silicates [14]. The mineral resin 

(metakaolin + Na-silicate + NaOH) had an exothermic reaction, which was 

advantageous since it helped the hardening of thick materials. In addition, the 

sodium silicate (SS) increased the hardening speed of the liquid binder. 

Geopolymer cement and concrete have been widely used in different civil 

engineering application. They are produced with low processed natural materials 

or industrial by-products, minimizing carbon footprint. The presence of calcium 

cations mainly obtained from GGBFS provides room temperature hardening for 

geopolymer. In addition, the setting time of geopolymers are faster compared to 

normal concrete yet slow enough to allow plant to site transportations [14]. 

Geopolymers are not affected by common durability issues related with 

conventional concrete and could outperform conventional concrete in many 

aspects. For instance, the maximum reported compressive strength for 

geopolymer samples produced with loess and fly ash was reported as 113.8 MPa, 

which is much higher than those obtained by ordinary Portland cement (OPC) 

[15]. High performance Portland cement (HPC) was compared to geopolymer 

concrete in terms of mechanical and thermal behavior and microstructure 

properties [16]. Regarding compressive strength, geopolymer concrete showed 

faster setting times up to 15 MPa just after two hours. However, the strength of 

both mixtures became similar after 7 days of curing and maxed at about 60 MPa 

after 2 years. In terms of porosity and microcracks, geopolymer concrete had 

formed a denser structure compared to HPC. Lastly, thermal analyses by 

Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) 

indicated fire resistance of geopolymer concrete compared to HPC. 
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Geopolymer cement is categorized into four different types including slag, fly 

ash, ferro-sialate, and rock-based geopolymer cements [14,90]. Each type is 

composed of different materials, mix design, and consequently different 

curing/processing procedures. Regardless of the type, most systems use alkali 

solutions consisting of NaOH and soluble sodium silicates. The very first 

geopolymer containing slag was produced in the early 1980s. This type of 

geopolymer consisted of metakaolin, ground granulated blast furnace slag, and 

alkali silicate solution [90]. Fly ash geopolymers are mainly produced by two 

different methods. The first group contains fly ash and a very strong alkaline 

solution. This system requires heat curing of up to 48 h at temperatures ranging 

from 60 to 85 °C. On the other hand, geopolymers made with fly ash and blast 

furnace slag do not require heat curing and use a user-friendly alkaline solution 

[88,91,92]. Rock-based geopolymer cement allows the utilization of volcanic 

tuffs and mine tailings within the geopolymer system. These geopolymers have 

lower CO2 footprint and better properties compared to the normal slag-based 

geopolymers. 

Mine waste management has become an important aspect during the past decades 

and various methods have been proposed for reducing its impacts on the 

environment. In this regard, geopolymer cement has become an interesting and 

alternative method for mine tailing management [77,93,94]. The number of 

published articles on geopolymers has increased dramatically. Thus, the aim of 

this paper is to review and summarize published data related to geopolymer 

cement and concrete containing waste mine tailings and quarry dust. 
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4.2 Geopolymer Composition 

In general, a geopolymer consists of two essential parts including precursors and 

hardeners/activators. The precursors are raw materials rich in alumino-silicate 

oxides with high reactivity. The precursors are mixed with liquid hardeners to 

form a geopolymeric gel, which consequently hardens because of geopolymer 

condensation. Different precursors have been used in various research studies 

such as fly ash [95–97], metakaolin [98–100], and blast furnace slag [101–104]. 

In most cases, the reviewed studies have investigated the feasibility of using 

quarry dust, mine tailings, or industrial waste as precursors in geopolymer 

cements and binders [105–114]. Since quarry dust and mining by-products are 

the focus of the current paper, a separate section has been dedicated to them. 

4.2.1 Precursors 

4.2.1.1 Metakaolin 

Calcined kaolinitic clays otherwise known as metakaolin (MK) were one of the 

first precursors used in geopolymer research. The initial application of MK was 

mainly in paper and plastic industries where it was used as filler. However, about 

four decades ago, a flash calciner technology was used instead of a normal rotary 

kiln furnace to produce a new type of metakaolin named Argical® [115]. Today, 

various chemical companies have produced different types of metakaolin, which 

are suitable for different applications. The composition of metakaolin is mainly 

made of SiO2 and Al2O3 with a small percentage of metal oxides. Davidovits 

(2019) investigated the exothermicity data of several metakaolin and indicated 

the minimum time required for each metakaolin to reach its highest thermal peak 

in an alkaline solution [115]. 
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By reviewing various studies during the past decade, it becomes evident that 

metakaolin has kept its popularity as the main precursor among different 

researchers. However, in recent years, with the aim of recycling as much 

industrial waste as possible, the popularity of metakaolin has decreased. For 

example, recently in an attempt of reducing inorganic waste, up to 70% of 

tungsten waste, along with only 10% of metakaolin were used as precursors in an 

alkaline-activated foam mix design [98]. In addition, the authors used aluminum 

powder as the foaming agent and claimed that the strength of the final product 

was equal or even higher than samples made with only MK and fly ash. In a 

different approach, vanadium mine residues were used with metakaolin for 

geopolymer production [110]. Chemical and mineralogical studies indicated that 

part of the mining waste favorably reacted with the soluble silicon and the 

unreacted section acted as aggregates in the mixture. 

4.2.1.2 Fly Ash 

Coal power stations are still one of the main solutions for providing electricity 

worldwide. At electricity power plants, finely powdered coal is injected with air 

into a combustion furnace where it immediately burns at very high temperatures. 

Consequently, the shales and clay inside the suspended coal that are rich in silica, 

aluminum, and iron melt. Upon rapid cooling, the material solidifies into 

spherical material commonly known as fly ash. Fly ash has been used as a 

precursor in geopolymer cement and binder production throughout the world. 

Based on plant type and combustion temperatures (ranging from 800 to 1800 °C), 

the final chemical composition of fly ash may differ (Table 4.1). Therefore, an 

X-ray diffraction (XRD) analysis could aid the selection of appropriate fly ash 

for geopolymer production. In this regard, the properties of appropriate fly ash 

for alkali-activation has been suggested [116,117]. The papers indicate that to 
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ensure a proper alkalization, the fly ash should have a Si/Al ratio between 2 and 

3.5. In addition, the percentage of Fe2O3 should be lower than 10% while the 

percentage of unburnt material should be as low as 5%. Furthermore, fly ash 

should have a high vitreous rate and the percentage of active silica such as glass 

should be above 40%. Regarding particle size, it has been suggested that between 

80 and 90% of the particles should be smaller than 45 µm. The mentioned 

characteristics could improve the final geopolymer product. However, high 

calcium, quartz, and mullite content should be avoided. The reactivity of Si/Al in 

the fly ash would be affected by high quartz and mullite (>5%) content, whereas 

high CaO could initiate a fast setting of geopolymer paste during preparation 

[118]. 

Table 4.1. Coal composition before and after combustion, adapted from [14]. 

Coal Minerals 
Phase After Combustion Process 

850 °C 1500 °C 1800 °C 

Quartz Quartz Cristobalite Glass 

Kaolinite Metakaolin Glass + mullite Glass 

Illite Illite Glass + mullite Glass 

Pyrite FeS2 
FeS/FeO Hematite + glass Glass 

 Magnetite + glass  

Calcite CaO Glass Glass 

Geopolymer cements and binders have various applications in building and 

construction projects. For instance, in an attempt to recycle quarry dust, 

geopolymer adhesive mortars were made using fly ash, crushed stone dust with 

different NaOH molarity and ratios [112]. Considering energy levels, waste and 

raw material usage, a maximum amount of 67% of quarry dust was proposed as 

the most efficient quantity during geopolymer production. Moreover, the authors 

suggested that fly ash and the quarry dust formed a homogenous mixture. In a 

separate attempt, the potential of recycling marble quarry dust into a geopolymer 

system was investigated [119]. In this regard, the geopolymer mixture consisted 

of fly ash, blast furnace slag, clay, gypsum, concrete, and marble sludge. The 
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results indicated that the mixture containing no clay and gypsum had shown the 

highest compressive strength rate of 52 MPa. This is interesting since Davidovits 

[14] has claimed that the addition of gypsum inhibits the geopolymer chain 

reaction and may lead to adverse results. The applications of geopolymers are 

vast and are not only limited to mortars and cements. For example, in a study 

conducted by Yliniemi et al. (2017), gold, copper, and zinc tailings were 

incorporated into the fly ash geopolymer system to produce artificial aggregates. 

The aggregates were then used in mortars and concrete specimens, which showed 

enhanced mechanical properties compared to LECAs (light expanded clay 

aggregates) [120]. The application of fine materials into aggregate systems and 

unbound materials has been given negative feedback through the works 

conducted in the soil mechanics field, which usually result in reduced resilient 

modulus and increased permanent deformation. Therefore, in some cases, 

geopolymers have been employed as a greener solution for soil stabilization. 

Loess is formed from clay and silt particles, which provides for bearing capacity. 

However, the material will deteriorate and eventually collapse in case of direct 

water contact. An experimental study evaluated the possibility of loess 

stabilization through fly ash-based geopolymerization [96]. The authors claimed 

that the fly ash geopolymer binder bonds with the loess and provides a stable 

structure. A conceptual microstructure model regarding loess stabilization using 

geopolymer is shown in Figure 4.1. 

 

Figure 4.1. Loess stabilization using geopolymer binder [96]. 
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4.2.1.3  Ground Granulated Blast Furnace Slag 

During iron manufacturing process fluxing agents are added to the molten iron to 

produce molten slag. The molten slag is immediately quenched, which initiates 

the granulating process. The granulated slag is then dried and ground to produce 

ground granulated blast furnace slag (GGBFS). The slag is rich in aluminum, 

magnesium, and calcium-silicates with a semi-crystalline glass-like structure. In 

general, the composition of slag consists of SiO2, Al2O3, CaO, MgO and between 

44 to 47% of the total composition is made up of SiO2,+Al2O3 [14]. Slow cooling 

procedures such as air-cooling method would not produce hydraulic or 

pozzolanic phase. Consequently, air-cooled slags will not be appropriate for 

geopolymer production. 

Various papers have included blast furnace slag as a precursor for producing 

geopolymers containing quarry waste [30,34,35,37,38,44,54–60]. The potential 

of using geopolymers consisting of copper mine tailings and slag for pavement 

construction was investigated [101]. The addition of 50% GGBFS increased the 

unconfined compressive strength (UCS) by 20 MPa compared to samples 

produced with 0% GGBFS. The increase in the UCS was related to large surface 

area and higher chemical reactivity, high smelting temperatures and the 

amorphous structure of the GGBFS. In addition, the water to solid ratio dropped 

by 15% with the addition of 50% GGBFS compared to the control sample. The 

reduction of the water content decreased the required NaOH and sodium silicate 

in the mixture, which could be a benefit in terms of production costs. 

Ambient temperature curing for geopolymer mixtures containing GGBFS could 

be applicable because of the presence of calcium cations. In most scenarios, this 

would eliminate the need for elevated temperature curing and could facilitate 
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industrial implementations. For instance, the addition of slag to alkali activated 

fly ash was investigated [121]. In addition to room temperature curing, two fly 

ash samples were also cured at 60 °C. The latter showed higher UCS compared 

to same samples cured at ambient temperature. However, the mixture containing 

15% slag showed a maximum strength of 47.5 MPa, which was very similar to 

the USC of samples merely made with fly ash and cured at 60 °C. Special 

attention should be given to the working time (pot-life) of such mixes since high 

amounts of GGBFS could lead to flash settings. The fast hardening of 

geopolymers dramatically affects field work by limiting the transportation 

opportunity window (plant to site). 

4.2.2 Activators/Hardeners 

To successfully produce a geopolymer network, in addition to precursors, an 

alkaline solution is essential for bonding aggregates and materials together 

through a specific chemical reaction. Moreover, despite their lower popularity 

compared to alkaline solutions, an acidic medium (e.g., phosphate) could also be 

used for geopolymer production [14,122]. The typical alkaline solution includes 

sodium or potassium hydroxide and soluble silicates. The hydroxide helps with 

the dissolution of the aluminosilicates available in the mixture and the soluble 

silicates act as the main binding source in geopolymer mixtures [123]. Based on 

the literature, different activator-related variables could affect the final properties 

of geopolymer cements and binders. These parameters include alkali cation type 

(Na+, K+), soluble silicate alkalinity, the molarity of the activators, and 

hydroxide to silicate ratio. In addition, the solid to liquid ratio, Si/Al and (Na+, 

K+)/Al ratio also influence mixtures’ final properties [124–126]. 
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The most common alkali cations used during geopolymer preparation are sodium 

and potassium. It is indicated by the literature that Na+ cations are better in 

regards of promoting aluminosilicates than K+ cations [14]. The ease of handling 

or workability is an important factor in geopolymer applications, which is 

determined by molecular ratio, density, and temperature of soluble silicates. For 

instance, the viscosity of Na+ silicates increase with an increase in molecular 

ratio. However, potassium-based alkaline solutions are much less viscous 

compared to the Na+ hydroxide solutions. Moreover, despite it being less 

effective for the dissolution process, potassium-based activators could achieve 

higher compressive strength value compared to sodium-based activators. Higher 

compressive strength and lower viscosity of potassium mixtures compared to 

sodium solutions are observable in literature [96,105]. For instance, it was 

indicated that the compressive strength of samples made with fly ash and loess 

increased from 29.5 to 113.8 MPa when KOH was used instead of NaOH as the 

activator. [96]. 

The soluble silicates act as binders for the geopolymer matrix and its history dates 

to 1640 where it was introduced by Van Helmont. However, the term waterglass 

was first coined by Johann Nepomuk Von Fuchs in 1818 when he mixed silica 

with caustic soda potash (i.e., potassium compounds and potassium-bearing 

materials). The waterglass was used as glue, cement, paints, detergents, and 

hardening materials in artificial stone production [14]. Currently, the soluble 

silicates are used as detergents, chemical applications, and as adhesives. Various 

studies have evaluated the effect of sodium or potassium silicates on geopolymer 

mixtures. For instance, it was claimed that its addition to the solution could 

approximately double the compressive strength of the fly ash-based geopolymer 

samples [117,127]. The soluble silicates used in different studies vary in terms of 
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molecular weight and chemical structure (Table 4.2). The molar ratio is also an 

important factor since it is directly related to the corrosiveness of the solutions. 

In general, the molar ratio (MR) (SiO2:/Na2O) < 1.45 is known to be corrosive 

which may cause problems during handling for the workers. Furthermore, higher 

MR will lead to longer setting values. A study conducted by Kastiukas et al. 

(2017) investigated the effects of different SiO2-Na2O ratios by varying sodium 

silicate (SS) to sodium hydroxide (SH) ratios [128]. The authors suggested 3.6% 

for Na2O concentration when proportioning SS/SH. In addition, the study used 

up to 40% of waste glass, which led to a reduction of 22.5% in sodium silicate 

usage. In a different study, Manjarrez et al. (2019), varied the ratio of sodium 

silicate to sodium hydroxide from 0.0 to 1.5 in an attempt to understand its effect 

on compressive strength of geopolymer samples [101]. The maximum strength 

of 23.5 MPa was observed for 10 M at SS/NaOH = 1.0. 

Table 4.2. Commercial silicates, adapted from [14]. 

Silicate type MR (SiO2:Na2O) 

Sodium orthosilicate Na4SiO4 0.5 

Sodium metasilicate Na2SiO3 1.0 

Sodium disilicate Na2Si2O5 2.0 

Sodium polysilicate Na2O.3.3SiO2 3.3 

The molar ratio of different soluble silicates is also important in terms of free 

metal cations and (NA+, K+)/Al ratios. To have a chemically stable structure, the 

Na/Al ratio should be equal to 1. Furthermore, the Si/Al ratio depends mainly on 

the type of geopolymers application. A ratio lower than three is suggested in the 

literature for geopolymer cement and concrete production [125,129]. In most 

cases, the ratios are calculated regarding the molar ratios of each element. 

However, the reactivity of used materials may differ, and the final leaching of Si 

and Al elements is related to both the chemical composition and mineralogy of 

precursors. Therefore, a simple method for determining geopolymer reactivity 
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has been proposed by Davidovits [14], where the same amount of activator is 

used with different amounts of precursors. The hardness of the mixture is 

measured with a penetrometer after 1 and 2 h. Lower penetration values are an 

indication of higher mixture reactivity. This method is also appropriate for 

identifying the flash setting time that could be identified as a mix hardening time 

less than 30 min. Finally, the minimum amount of required precursors could be 

determined. 

The amount of activator has a great influence on the geopolymer properties 

considering the solid–liquid ratio. Scanning electron microscopy was used to 

study the microstructure development in geopolymer pastes. It was concluded 

that a solid to liquid ratio of 4 showed higher mechanical strength, cohesiveness, 

and lower micro-crack and micropores compared to lower ratios [105]. Water 

makes the movement of the particles within the geopolymer gel possible, where 

the chemical reactions take place. In each reaction cycle, part of the water is 

reintroduced into the mixture. Thus, it is essential to prevent any water 

(evaporation) during mixing and curing stages [130]. High liquid to solid ratios 

could show adverse effects on the final compressive strength of geopolymer 

samples. For instance, the strength of vanadium geopolymer samples reduced 

from 23.89 to 5.23 MPa when water to binder ratio was increased from 0.28 to 

0.44 in the mixture [110]. Excessive addition of water could decrease the 

alkalinity of the liquid hardeners and therefore, less dissolution of Si and Al 

element will occur. Consequently, the compressive strength will reduce 

significantly [123]. 
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4.3 Quarry Dust and Mine Tailings as Precursors 

Bedrocks and unconsolidated deposits are the main sources for most of the 

obtained aggregates worldwide. In this regard, most of the mineral aggregates are 

collected from surface-mined stone quarries or from sand and gravel pits. The 

first step in every quarrying process starts with the stripping stage [131]. This 

step is critical for improving the overall quality of the products since the 

unwanted material will be removed from the mining surface minimizing the 

variations of materials passing n. 200 sieve size. The mineral fillers either 

obtained through quarry blasting or from excavating gravel deposits are then 

prepared for the crushing stage. The aggregates go through a stage called scalping 

which is primarily used for diverting and separating fines from coarse aggregates 

during the first crushing stage. This is very important since the fines can be 

removed from the production process if the specifications are not met. The 

unwanted materials can be piled as waste or used as lower quality aggregates. 

Depending on the type of rock being processed, the material can undergo up to 

three crushing stages, which usually uses jaw or gyratory crusher. The crushed 

aggregates usually have long and thin shapes that are not suitable for asphalt 

pavement production. Consequently, the impact crushers are preferable. The 

materials are then gathered in a surge pile and stocked for further processing as 

required. The second and third crushing stages usually use cone and roll crushers. 

At the final step, the crushed aggregates go through the screening stage which is 

vital for quality and gradation control of the materials. Annually, aggregate 

production process produces huge amounts of by-products which are referred to 

as mine tailing, quarry dust, or waste mineral fillers by various researchers. These 

by-products can consist of water, heavy metals, and toxic substances depending 

on their origin [132]. Different methods have been undertaken for recycling 
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quarry and mine tailings. As for one approach, the production of geopolymer 

cement and binder using quarry waste has gained attention. Various types of 

tailings from quarries and mines have been studied which include silt, tungsten, 

vanadium, iron, gold, copper, zinc, granite, marble, lithium, and phosphate. In 

this section, the production of geopolymers using different mine tailings IS 

summarized. 

4.3.1 Silt 

Lampris et al. [133] collected waste silt from five different aggregate washing 

plants in the United Kingdom for the production of artificial aggregates through 

geopolymerization. The geopolymers were constructed using silt and mixes 

containing metakaolin or fly ash. The latter showed a higher compressive 

strength of about 30.5 MPa which is more than the mechanical properties 

generally required for aggregates for building materials. It must be mentioned 

that the varying chemical composition of waste silt can adversely affect the final 

quality of the products. This paper is one of the very few which have investigated 

the recycling of waste silt into geopolymer applications. In one of the most recent 

attempts, Coode Island silt was improved using fly ash and slag with different 

proportions of sodium and potassium liquid activators [134]. The authors 

suggested that the resulting geopolymers could be appropriate for deep soil 

mixing projects. Interestingly, silt obtained from the Yellow River was used in a 

geopolymer binder for the production of an artificial flood-preventing stone 

[135]. It was claimed that the addition of slag had dramatically increased the final 

compressive strength of the samples. Loess particles which include silt and clay 

were utilized in a fly ash geopolymer [96]. The loess samples were stabilized 

successfully using different alkaline activator types including sodium and 

potassium hydroxides. In a similar work, a case study was conducted in a 
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reservoir located in southern Italy [136]. The aim of the paper was to deal with 

the loss of water storage capacity of the lakes through alkaline activation of silt 

residues. The results indicated that the clay and silt could be calcined and reused 

in applications such as binder, precast, and bricks through alkaline activation. 

4.3.2 Tungsten Ore 

Tungsten was one of the most popular mine tailings waste investigated during 

the past decade, where different studies have tried to increase its reactivity by 

means of different methods. For instance, calcination of mud waste obtained from 

tungsten mining process with sodium carbonate was investigated by Pacheco-

Torgal et al. (2010) [137]. The authors observed high efflorescence of sodium 

after water immersion (Figure 4.2). Despite achieving high strength values, this 

method did not achieve favorable thermal reactivity rates. The activation of 

tungsten mining waste was also investigated through the addition of waste glass 

[98]. For instance, the addition of 40% of waste glass provided additional silica 

in the geopolymeric mixture and thus improved the overall strength of the 

samples by 127% compared to samples containing zero percent of waste glass 

[128]. Higher silica rates produced 3D structural networks (Si/Al of 2:1). 

  

(a) (b) 

Figure 4.2. Right: mine waste calcinated at 950. Left: mine waste calcinated with 

sodium carbonate after water immersion, reproduced with permission from [137]. 
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The durability of the geopolymer has also been tested against acid resistance, 

where higher acid and abrasion resistance for samples made with tungsten mine 

waste compared to ordinary Portland cement was observed [138,139]. In a 

different approach, tungsten mine waste has been used in grouted pavements 

[140]. The samples made with geopolymer grout presented the lowest 

compressive strength compared to typical mixtures. It was also concluded that 

the curing conditions of the mixtures containing geopolymers required further 

evaluation. Tungsten ore and waste has also been used in different types of 

pavement applications. For instance, Sangiorgi et al. [93] investigated different 

recycling scenarios of the waste aggregates and powders obtained from the 

Panasqueira mine located in Portugal. Additionally, the economic and social 

impact of the potential recycling techniques were estimated for the local 

communities. The authors recommended various methods for recycling the 

tailings of the Panasqueira mine such as its incorporation in the road construction 

field. However, the focus of the study was to produce alkali-activated composites 

from mining and quarrying waste based on the available and demanding 

requirements of authorities. It was suggested that the production of such material 

could be a competitive and viable solution, which could lead to the manufacturing 

of aggregates for road paving materials. Similar studies related to the same 

project verified that artificial aggregates can be produced through the 

geopomymerization of tungsten mine tailings [106,141]. 

4.3.3 Vanadium Ore 

The demand for vanadium extraction has risen significantly and therefore, the 

mine tailings could turn to possible threats for the environment. The papers 

reviewed have used vanadium tailings as precursors in geopolymer production. 

Different methods have been used to reactivate the inert tailing mines such as 
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mechanical activation. For instance, planetary mill ball was used to crush 

vanadium tailings to smaller particles for a maximum duration of 5.5 h [142]. As 

shown in Figure 4.3, an increase in milling time increased Si and Al elements 

during leaching tests. The authors concluded that the mechanical activation had 

destroyed the crystalline structure of the material, which led to higher 

compressive time and faster setting duration. 

 

Figure 4.3. Mechanical activation of vanadium mine tailing, reproduced with 

permission from [142]. 

A different approach was considered to increase the reactivity of vanadium mine 

tailings. In a study conducted by Jiao et al. (2011), solid NaOH was roasted with 

the vanadium tailing for 1 h at 450 °C. After cooling down, the mixture was 

mixed with metakaolin and distilled water. The highest compressive strength was 

obtained with the addition of 30% metakaolin and curing temperature of 60 °C 

[100]. 

4.3.4 Marble 

During quarrying and different processing methods, huge amounts of marble 

waste are produced worldwide. Mable stone is the result of metamorphism of 

sedimentary carbonate rocks such as limestone or dolomite rocks. Like other 

mine tailings and quarry dust, studies have considered using marble stone waste 
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as precursors in geopolymer production. In a study from Thakur et al. (2019), 

different molarities of NaOH (2 and 4 M) and sodium metasilicate were used in 

the production of fly ash-based geopolymer containing marble stone waste [143]. 

Marble waste and fly ash were initially mixed prior to the addition of the alkaline 

solution. The mixture was mixed and molded into rectangular casts (Figure 4.4). 

The highest compressive strength was related to the mixtures made with 4 M 

NaOH. The authors highlighted that both chemical properties and mineralogy of 

the precursors used (fly ash and marble waste) are of paramount importance 

during geopolymer manufacturing. The amount of reactive Si and Al leached 

during the chemical reactions may differ from the values obtained during XRF 

analysis. Therefore, regardless of geopolymer precursor type, it was 

recommended that the mixing procedure of geopolymers should begin with the 

preparation of geopolymer paste (e.g., fly ash and liquid hardener/activator). The 

next step should be the addition of less active precursors or fillers such as marble 

waste. Otherwise, the silicate present in the activators will not fully engage in the 

chemical reaction and will remain inside the mixture. This will result in glossy 

surfaces after the curing process since the unreacted silicates will move to the 

surface of the sample [14]. 
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Figure 4.4. Mixing procedure for marble-based geopolymer cement, reproduced 

with permission from [143]. 

4.3.5 Iron Ore 

Iron ore tailings are produced in vast amounts during iron extraction and mining 

process. Studies have proposed different methods for incorporating mine tailings 

into geopolymer binders and cements. For instance, the application of iron ore 

tailing as fine aggregates into mortar made with fly ash was investigated. The 

maximum compressive strength obtained was 8.27 MPa after 28 days of curing 

[144]. The production of geopolymer bricks using iron ore tailings was also 

investigated by different researchers [103,145]. One of the major advantages of 

producing geopolymer bricks is the avoidance of using high-temperature kiln 

firing used during traditional production procedures. For instance, geopolymer 

bricks achieved high compressive strength of 50.53 MPa when cured at 80 °C for 

7 days [145]. The authors stated that the produced bricks met ASTM and 

Australian standard requirements set for bricks. In addition to geopolymer bricks, 
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the possibility of producing lightweight aggregates using iron ore and foam-gel 

casting technique was investigated [146]. The behavior of iron ore tailing 

geopolymer samples exposed to different heat-cooling cycles of up to 800 °C was 

monitored [147]. The samples were made by replacing 10, 20, and 30% (IOT10, 

IOT20, IOT30) of the fly ash with iron ore mine tailings. The authors stated that 

the addition of more than 20% of iron ore tailing could significantly increase the 

setting time of the geopolymer cement. In addition, the loss of compressive 

strength at different thermal cycles were lower in sample made with iron ore 

tailings compared to those of the control samples (Figure 4.5). 

 

Figure 4.5. Compressive strength of iron ore tailing based geopolymers exposed 

to different heat cycles, reproduced with permission from [147]. 

4.3.6 Gold and Copper Ore 

The immobilization of heavy metals is one of the major priorities in gold mine 

waste management. Because of its effective capability, geopolymers are widely 

used as a tool to reduce the impact of heavy metal leaching on the environment. 

Therefore, various studies have used geopolymers to encapsulate gold mine 

wastes [148–150]. A recent study evaluated the possibility of using gold mine 

tailing obtained from Finland as a precursor [151]. The Si/Al and the Na/Al ratios 

ranged between 2.5–3.5 and 0.8–1.5, respectively. The authors investigated 
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leaching values after 7, and 28 days and 18 months. The geopolymer leaching 

values for the most problematic elements including As, Sb, B, and V were 

reported to be very low after 18 months of curing. The addition of slag to gold 

mine tailings allowed for room temperature curing which is in accordance with 

similar studies [148]. The studies on heavy metal leaching have been followed 

up by applying a response surface method to better understand the properties of 

samples made with gold tailings [152]. 

Copper mine tailings have been used in different applications. Ahmari et al. 

(2012), mixed NaOH with copper tailings [153]. The aim was to produce suitable 

alkaline activated material to be used as base layer in pavement construction. The 

results indicated that the correct amount of NaOH could increase the unconfined 

compressive strength of the samples compared to the reference material. The 

findings were similar to a work conducted by Manjarrez et al. (2018) [114]. It 

was suggested that using appropriate moisture content and NaOH concentration 

could produce geopolymers, which could satisfy the strength requirements for 

cement treated-base specified by various road agencies in the United States. The 

potential of using copper tailings in different applications was examined through 

different literature. Cement kiln dust (CKD) was added to bricks made with 

NaOH and copper tailings [154]. It was shown that the addition of CKD 

significantly improved the durability and mechanical properties of the mixtures. 

Another application of copper tailing was to produce lightweight aggregates 

where it was used in cement and mortar mixtures. Compared to LECAs, the 

lightweight aggregates showed higher mechanical properties and density [120]. 

The Si/Al and Na/Al ratio of copper waste geopolymers were enhanced by the 

addition of aluminum sludge [155]. As expected, the addition of aluminum and 
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optimum amount of NaOH significantly increased the compressive strength of 

the samples. 

4.3.7 Phosphate, Lithium, and Basalt 

Most of the tailing mines may be rich in Si and Al elements. However, the 

reactivity of the material used as precursors is also an essential parameter. One 

method of increasing the reactivity of the precursors is to calcine the mine 

tailings. For instance, the effect of thermal treatment on phosphate, kaolinite, and 

lithium mine tailings was investigated [156]. Regarding lithium tailings, even 

calcination did not result in a proper dissolution of material and therefore, the 

authors were not able to examine the mechanical properties (Figure 4.6). 

 

Figure 4.6. Lithium geopolymer calcination at different temperatures (a) not 

calcined, (b) calcined at 750 °C, (c) calcined at 900 °C, reproduced with 

permission from [156]. 

On the other hand, the best results were observed at calcination temperature of 

700 °C for both kaolinite and phosphate mine tailings [156]. Currently, efforts 

are being made to better understand and evaluate the most determinant and 

critical parameter that affects the mechanical and chemical properties of 

geopolymers. For example, statistical analysis is being more frequently applied 

to aid the identification of important parameters. In this line, the results of the 

response surface method study indicated that curing temperature was the most 

critical factor related to the strength of material [157]. 
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Basalt is an igneous rock widely available in the earth’s crust, where its high 

recyclability and low impurities have allowed it to be used in various applications 

[158]. Because of its high alumina and silica content, geopolymers containing 

basalt precursors have become an interesting topic for various researchers. 

However, in most cases, the focus has been on basalt fibers and less attention has 

been paid to basalt powders. It is obvious that the using basalt waste would be 

much more cost-effective than using raw and virgin material. Waste basalt 

powder has been used for producing geopolymer bricks and artificial lightweight 

aggregates. Different ratios of sodium hydroxide and silicates were mixed with 

MK and basalt powder [43]. A liquid to solid ratio of 0.75 and curing of 24 h at 

70 °C achieved the highest compressive strength of 64 MPa. Regardless of 

precursor type and amount, the activators have either contained sodium 

hydroxide and sodium silicate or they have only contained one type of hardener. 

For instance, other studies were conducted on geopolymer-containing basalt and 

only sodium hydroxide was used as an activator at different activator/precursor 

ratio from 0.1 to 0.5 [159]. In addition, basalt was obtained as raw material and 

was milled to a very fine powder. Curing conditions similar to the previous works 

were applied. The Si/Al ratio of the samples were fixed at 2.8, which produced 

the maximum compressive strength of 57 MPa. Comparing the results from the 

two studies suggests that the reduction in mechanical properties could be related 

to the difference between the alkaline solutions of the studies, where the latter 

had only used NaOH for its activator rather than a combination of sodium silicate 

and NaOH. A separate study investigated the possibility of producing novel low 

impact porous pavement layers using synthetic aggregates [94]. The aggregates 

were made of geopolymer paste containing 10 M NaOH, sodium silicate, waste 
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basalt powder, and metakaolin. The curing time and temperature were 12 h at 60 

°C, which returned the highest compressive strength of 65 MPa. 

4.4 Precursor Pre-Treatment and Calcination 

Because of the crystalline nature of various tailings, calcination or thermal 

treatments have been widely used as a step toward achieving high-performance 

geopolymer cements and binders [137,138,156,160–162]. Three major 

calcination methods are used at industrial stage which include rotary furnace, 

multiple earth furnace and flash calcination plants. The methodology behind each 

method is different. However, the flash calcination plants have gained favorable 

attention due to their efficiency and relatively lower energy consumption. The 

overall process of the flash calcination method for MK production is illustrated 

in Figure 4.7. 

 

Figure 4.7. Flash calcination of MK, adapted from [163]. 

However, the calcination process at the laboratory stage is mostly done with the 

aid of static furnaces, which can normally heat materials up to 1200 °C. In some 

cases, the heating rate during calcination is reported. Therefore, at least three 

important parameters could affect the laboratory calcination of materials, which 
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include the temperature of calcination, heating rate, and calcination duration. It 

has to be noted that overcalcination could decrease the reactivity of the materials 

due to the formation of inert crystalline structure. Fast cooling of calcined 

material is suggested since it could avoid crystallization of the raw material 

during the thermal treatment. It was for this reason that the calcination of mining 

waste was quenched in water after being exposed to high temperatures for a 

certain amount of time (Figure 4.8) [137]. In most calcination procedures, small 

details could help with the reproducibility of the test for future studies. For 

instance, one method is to put the samples inside the furnace and then start the 

calcination process. In this case, a certain time is required to pass for the furnace 

to reach the target temperature. Then the sample is calcined for a desired duration. 

Finally, the sample will remain inside to reach room temperatures. However, if 

the sample is placed in the oven only when the target temperature is reached and 

is immediately taken out after the desired calcination period has finished, the 

duration for which the sample is calcined would be significantly different 

compared to the first method [115]. 

 

Figure 4.8. Calcination method for tungsten mine tailing, (a) furnace, (b) 

quenching of material, reproduced with permission from [137]. 

The production of geopolymers containing clay and silt is highly dependent on 

the reactivity of the clayey material in question. Therefore, various researchers 
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have attempted to calcine the clay sediments at different times and temperatures 

to achieve durable geopolymer cement [162–166]. An increase of calcination 

temperature from 400 to 750 °C resulted in higher leaching of Si and Al. 

Consequently, enhanced mechanical properties were observed [162]. In most 

cases, the effective calcination temperature ranged from 600 to 800 °C. 

The calcination is not only limited to the precursors. In some cases, attempts have 

been made to calcine the solid part of activators such as NaOH with different 

precursors such as copper [167], gold [152], phosphate [122], quarry stone dust 

[108], and vanadium [100,168]. This method is referred to as alkaline fusion 

where the NaOH pellets are added to the precursors at different weight ratios. 

Usually, liquid sodium silicate or water is then added to the mixture to start the 

geopolymer reaction. The fusion temperature for the reviewed papers ranged 

from 450 to 800 °C for a maximum of 2 h. 

4.5 Curing Conditions 

Heat curing for an appropriate time and temperature is highly suggested for 

geopolymers containing low-calcium content. The heat treatment aids the 

chemical reaction occurring in geopolymer paste and increases 

geopolymerization process. For instance, the durability of geopolymer mixtures 

produced with calcinated tungsten waste mud were evaluated at different curing 

conditions. In the first stage, the samples were either cured at room or elevated 

temperature of 130 °C between 7 and 28 days. The samples were then placed in 

water baths for different durations ranging from 0 to 91 days. The study revealed 

that all samples disintegrated when introduced to water. However, samples cured 

at 130 °C or cured for longer period showed higher durability. In addition, a 

significant loss in strength was observed within the first 4 week of water 
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immersion, where the UCS decreased to 1–3 MPa. The low durability in all cases 

were possibly related to an incomplete geopolymer process/reaction. Moreover, 

the reactivity of the materials in use may not have been efficient for geopolymer 

production. Lastly, it was suggested that higher curing temperatures could speed 

up the initial reactions in geopolymer network, since samples cured at 130 °C 

showed better durability than room temperature-cured samples [169]. Curing can 

be achieved through a steam or dry heating system. However, it was noted that 

the dry curing method showed 15% higher compressive strength than that of 

steam-cured geopolymer concrete [170]. Figure 4.9 demonstrates the effect of 

both curing days and temperature on the compressive strength of vanadium-based 

geopolymers [110]. The samples were cured in an oven for 24 h. Higher curing 

time and temperature resulted in higher compressive strength. 

 

Figure 4.9. Effect of curing days and temperature on the compressive strength of 

vanadium mine tailing based geopolymers [110]. 

Different curing times and temperatures have been used in various studies. For 

instance, curing was used prior to and after the demolding of geopolymer 

samples. The geopolymer paste was prepared and cured in an oven for 40 or 60 

°C for 24 h. The de-molded samples were then subjected to the same curing 
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temperature for a duration of 7, 14, and 28 days. It was indicated that higher 

curing temperature and duration resulted in higher compressive strength of the 

material, where the highest UCS of 14.78 and 20.49 were reported for samples 

cured for 28 days at 40 and 60 °C, respectively [171]. In some cases, the effect 

of different curing duration was observed. For example, the curing temperature 

was kept constant and the effect of different curing durations of 1, 3, and 5 h was 

investigated on the performance of fly ash geopolymers [112]. The authors found 

the curing temperature of more than three hours challenging for its 

implementation in a real construction site. A higher curing temperature of 80 °C 

for 5 h was suggested to have the best effect on geopolymer compressive strength 

reaching to 19.2 MPa. Curing duration of more than 24 h decreased the overall 

geopolymer compressive strength [124]. It is evident from the literature that both 

curing time and temperature could directly affect the mechanical properties of 

geopolymers. In a different attempt, samples were cured both in water and at 

room temperature for different durations [172]. The samples underwent three 

different curing conditions that included curing at room temperature, the curing 

in an oven at 45 and 75 °C for 24 h. The samples were then de-molded and half 

of them were cured inside water for 90 days. The authors indicated that 

temperatures up to 75 °C can increase the hardening process of the samples. 

However, wet curing method was excluded because of high efflorescence (Figure 

4.10). 
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Figure 4.10. Wet-curing of marble geopolymer cement, reproduced with 

permission from [172]. 

Achieving the highest compressive strength as possible could be the main goal 

for most studies and projects. However, the sustainability and cost-efficiency of 

any proposed approach should also be taken into consideration. Based on the 

literature, it was indicated that temperature and curing conditions could increase 

the ultimate strength of the geopolymers. Unfortunately, higher temperatures and 

longer curing conditions consume much more fuel and energy compared to those 

samples which are cured at room temperature. Consequently, the overall cost of 

projects and research applying these methodologies will inevitably increase. In 

addition, the implementation of different curing conditions may not be applicable 

on a real scale in most project sites. 

4.6 Mechanical and Chemical Properties 

Engineering properties such as compressive strength, density, durability and acid 

resistance, water absorption, and abrasion of geopolymers containing mining 

waste were investigated by different studies. Unconfined compressive strength 

(UCS) is the most common mechanical property that has been investigated in the 

literature. The impact of different parameters involved in geopolymer production 
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on UCS has been reported by various authors. This includes the effect of 

precursor type and ratio [31,34,45,46,83,111], calcination 

[137,162,163,165,166], activator blends [96,99,124,136,173], liquid to solid 

ratio [104,105,110,174], Si/Al and Na/Al [155,175,176], and curing conditions 

[135,169,177]. For geopolymerization, Si/Al lower than 3 is suggested since 

higher ratios would create linear structures rather than a 3D structure. In addition, 

one of the most important methods of controlling the leaching of geopolymers is 

to have a chemically stable structure. This is achieved by reaching a Na/Al of 1 

in the geopolymer mix. 

Different types of mine tailings waste can provide unique physical strength and 

properties to geopolymers when combined with the common precursors such as 

metakaolin, blast furnace slag, and fly ash. Studies on geopolymer produced with 

copper highlighted that the compressive strength of the samples varied 

significantly when metakaolin was added as a precursor in the mix design. The 

maximum compressive strength of 23 MPa was obtained substituting 38% of the 

total weight with MK. With similar curing conditions, the compressive strength 

dropped to 18 MPa when the exact amount of MK (38%) was replaced with the 

blast furnace slag [111]. However, in a separate study, only copper tailings were 

used [171]. In this case, the highest achieved strength was reported to be 15.70 

MPa for samples cured at 60 °C. The difference between the compressive 

strength of the mentioned studies could be related to the presence of MK and the 

difference in activator content. Only sodium silicate with different concentrations 

was used by Falah et al. [171], whereas Paiva et al. [111] used a combination of 

sodium silicate and 10 M sodium hydroxide as activators. Similar activator 

content of SS and 10 M NaOH was used for producing lightweight aggregates 

and paving blocks using basalt powders and MK as precursors [43,94]. With very 
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similar curing conditions, only basalt was activated using NaOH for the 

production of microcrystalline particles [159]. Samples that benefitted from MK 

and a combination of both SS and SH [43,94] presented higher compressive 

strength. 

The density of geopolymer made with quarry dust and waste glass was 

investigated [178], where the addition of geopolymer cement to the soil was able 

to increase the maximum dry density of the final mixture. In a separate work on 

the bulk density of fly ash geopolymer [112], the highest obtained value was 

related to samples made with NaOH (12 M) and sodium silicate, which were 

cured for 1 h (Figure 4.11). 

 

Figure 4.11. Bulk density-curing time waste glass-based geopolymers, 

reproduced with permission from [112]. 

Durability is an important aspect of geopolymer science, which has been studied 

by various researchers [141,145,169,179,180]. One method of studying the 

durability of geopolymers is for example to immerse the samples in water for a 

period of 24 h. Doing so would give an overall view of the effect of water 

immersion on the physical properties of the sample. It was understood that most 
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of the partially alkali-activated specimens were disintegrated after being 

submerged in water for a period between 0 and 90 days [169]. The key to 

obtaining a geopolymer structure that would behave similarly to ordinary 

Portland cement during wet curing conditions is to achieve a chemically stable 

state. This is obtained by satisfying the required Si/Al and Na/Al ratios [14]. The 

durability of geopolymers in terms of resistance against sulfide and acidic attacks 

was also covered by the reviewed literature [138,139]. In this regard, 50 mm cube 

samples were cured in sulfuric, hydrochloric, and nitric acid solutions for 28 days 

[139]. The results indicated that both acid and precursor type affected the overall 

outcome. Acid attacks are observable as weight loss of samples. 

Among the reviewed context, less attention was paid to the abrasion and thermal 

resistance properties of geopolymer samples. The abrasion for geopolymer 

samples was assessed by calculation of weight loss of samples subjected to 1000 

cycles in the Los Angeles Machine [138]. The obtained data indicated higher 

abrasion resistance of geopolymer samples made with tungsten mining waste 

than those of ordinary Portland cement. Regarding the resistance of geopolymer 

specimens against intense thermal cycles, it was shown that the compressive 

strength of all samples was significantly dropped [147]. However, the 

experimental data showed that the addition of iron ore tailing had increased the 

thermal resistance of the samples compared to the sample made with fly ash. 

It is noteworthy, that every mine tailing has its own unique mineralogy and 

reactivity rate, which differs from source to source and type to type. XRF (X-ray 

fluorescence) and X-ray powder diffraction (XRD) has been frequently used by 

various studies to determine chemical oxidation and mineralogy (crystalline 

phase) of geopolymers, respectively. The obtained data are of paramount 
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importance since they could indicate Si/Al and Na/Al of the final geopolymer 

mixture. For instance, XRD analysis for tungsten mud waste showed that the 

crystalline phase (quartz and muscovite) was not changed after the 

polycondensation process [17]. Furthermore, the XRF analysis indicated a 

decrease of Na2O concentrations for samples submerged in water (7–91 days). 

Since Na+ cations did not fully react within the geopolymer network and the 

excess NaOH activator was dissolved in water (Na/Al ≠ 1) and because of the 

presence of crystalline phase after the addition of alkaline solution, the authors 

suggested that the geopolymer reaction was not fully completed. The outcome 

was excessive leachate of Na+ cations freely interacting with water. 

The addition of 20% iron ore tailing to fly ash-based geopolymer decreased the 

porosity and microcracking of samples [18]. Thus, the denser microstructure 

provided better thermal resistance compared to samples with no iron ore tailings. 

Scanning electron microscope (SEM) was used to evaluate the microstructure of 

tungsten mining waste-based hybrid alkaline materials [19]. The optimum 

mixture containing 10 M sodium silicate and potassium hydroxide as alkaline 

solution showed a maximum UCS of 29.2 MPa. The compact structure showed 

the presence of gehlenite hydrates and small cracks were observed because of 

rapid synthesis of the binder. The outcome suggested that the microstructure of 

the mixture could be influenced by the molarity and type of activators used for 

geopolymer production. Adesanya (2020) investigated the effects of mechanical 

activation on phyllite’s chemical and microstructure properties [20]. The 

mechanical milling was conducted for 9 and 15 min. The XRD analysis indicated 

a continuous breakdown of the crystalline phase related to muscovite and 

chamosite. However, Albite and quartz had no significant change in terms of their 

crystalline structure after the milling process. It was noted that the amorphous 



Conclusions  Solouki. A 

88 

 

phase had increased by 47% wt. The study concluded that the mechanical 

activation had led to higher solubility of Si and Al in alkaline solutions. 

4.7 Conclusions 

The applications of various quarry and mine waste for geopolymer production in 

the past ten years have been reviewed. The extracted data including authors, 

publication year, type of precursors, activators, activator to precursor ratio, 

curing conditions, Si/Al, (Na, K)/Al, UCS, and the mineralogy of the mine 

tailings are presented in Table 4.3. The following conclusions could be drawn 

from the reviewed literature: 

• The type of precursor has a direct impact on various mechanical and 

chemical properties of geopolymers. Inert waste dust could act as a 

filler/aggregate in the geopolymer structure, whereas reactive quarry 

waste could act as a precursor in the geopolymer matrix. Therefore, the 

mineralogy of the precursor being used must be studied. 

• The mineral waste was used as a precursor to produce geopolymers. In 

addition, some studies used the waste-based geopolymers to create 

artificial aggregates. In both cases, promising results were observed. 

• The addition of Mk, GGBFS, and fly ash to quarry/mine waste could 

improve the geopolymer network by satisfying Si/Al and Na/Al ratios. 

• Thermal treatment of mineral waste has proven to increase the 

amorphous phase and reactivity of the material providing better 

dissolution of Si and Al in alkali mediums. For instance, some silt and 

clay materials are rich in quartz and have less reactivity due to their 

crystalline structure. Calcination could modify the structure and provide 

a better source of reactive material. 

• Based on the literature, different activator-related variables could affect 

the final properties of geopolymer cements and binders. These 

parameters include alkali cation type (Na+, K+), soluble silicate 

alkalinity, the molarity of the activators and hydroxide to silicate ratio. 

In addition, the solid to liquid ratio, Si/Al and (Na+, K+)/Al ratio also 

influence the final mixture properties. 
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• Potassium silicates are less viscous and provide higher compressive 

strength compared to the more common sodium silicates. 

• Curing samples at elevated temperatures increases the reaction rate of 

geopolymers. Ambient temperature curing has also been practiced in 

different studies, which have shown acceptable outcomes. Room curing 

temperature could be aided by including GGBFS in the mixture. 

• Water-curing of geopolymer samples has shown adverse effect on the 

mechanical properties and durability of produced samples. Backed up 

by various studies, excessive leaching has been related to incomplete 

polycondensation of the geopolymer network. Excess alkali solution 

interacts with water and appear as white powder on the surface of 

products. 

• The microstructure of geopolymers could be affected by molarity and 

type of alkali solution. In addition, mechanical and thermal treatments 

have shown to change porosity and chemical structure of geopolymers. 

• The following recommendations have been proposed: 

• A standard method for geopolymer production including step-by-step 

procedures on selecting proper precursors could be proposed. 

Geopolymer specific standards for leachate tests as well as in-depth 

chemical analysis (NRM, FTIR, and XRD) could be included. 

• Since various parameters affect the overall performance of geopolymers, 

acquiring a full understanding of all the involved parameters is very 

difficult. In this regard, applying statistical methods such as design of 

experiments (DOE) could reduce the overall time required for 

understanding the relations between various factors. Moreover, 

statistical analysis could also provide mathematical modeling that could 

fine-tune geopolymer mix design and enhance the final performance. 

• Using ambient temperature curing systems will facilitate industrial 

implementations. Most of the proposed mix designs for geopolymers 

can only be conducted at laboratory scale and industrial aspects have not 

been foreseen. For instance, heat curing is being widely used in almost 

every study related to geopolymers. However, curing every produced 

geopolymer sample at manufacturing plants would dramatically increase 

the final production costs of geopolymers. 
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• Considering the cost of metakaolin and alkaline solutions, every effort 

should be considered to reduce the final cost of geopolymers. Thus, it 

would be more appropriate to select local raw/waste material which will 

eliminate transportation and material costs giving geopolymers a more 

competitive market. 

• User-friendly alkaline solutions should be used more frequently. 

• The mixing procedure should start with creating the binder. The binder 

consists of reactive precursor such as MK and the hardener/activator. 

The mixing should then continue with the addition of less reactive 

materials such as mineral waste and mine tailings. 
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Table 4.3. Summary of reviewed studies on geopolymer cement and binders containing mine tailings. 

Ref. Year Precursors Activators/Mix Design A/P Curing Si/Al, Na, K/Al UCS MPa Mineralogy/Chemical Composition 

[177] 2018 Antigorite SiO2/Na2O = 2.25 0.25 
24 h @RT 

1, 7, 28 d 
N/A 

49 

15-wet 

cure 

Serpentine, talc, olivne, pyroxenes, 

amphiboles, magnetite 

[94] 2019 Basalt, MK 
SS, SH 10 M,  

SiO2/Na2O = 1.99, SS/SH = 4 
0.75 12 h @ 60 °C N/A 65 N/A 

[43] 2019 Basalt, MK 
SS, SH 10 M,  

SiO2/Na2O = 1.99, SS/SH = 4 
0.75 

24 h @ 70 °C 

+3–28 d 
N/A 64 N/A 

[159] 2017 Basalt NaOH 0.1–0.5 24 h @ 80 °C Si/Al = 2.8 57 
Plagioclase, clinopyroxene, olivine, and 

magnetite 

[181] 2019 
Boron, 

calcined 

Sodium silicate consisted of 8% 

Na2O, 27% SiO2, and 65% 

H2Oby mass 

NaOH 

~0.40 Heat treatment cycle N/A 38 
Colemanite, hydroboracite, illite, 

montmorillonite, calcite, and quartz 

[171] 2019 Copper 
SiO2/Na2O = 3.2 

6 M 
0.23 7, 14, 28 @ 40, 60 °C  

10–38 Si/Al 

0.45–2.80 Al/Na 

6.44–

15.70 

Tremolite, chlorite, quartz, talc, 

magnesium silicate hydrate, dolomite, 

and calcite 

[111] 2019 
Copper, slag, 

MK 
SS, SH 10 M 

0.1 + 

water 
7 d @ 20 °C 

Si/Al = 2 

Na/Al = 1 
4–45 Piryte, anhydrite, caldecahydrite, quartz 

[101] 2019 Copper 
NaOH 5, 10, 15 M, SS/SH 0, 0.5, 

1.0, 1.5 
0.158 45–85 °C, 7 d ~3–5 Si/Al 23.5 Quartz, gypsum, and albite 

[114] 2018 Copper NaOH, 0, 3, 5, 7, 11 M 
11–19% 

water 
7 d @ 35 °C Na/Al 0.3–1.1 5.32 Quartz, gypsum, albite, sanidine 

[167] 2017 
Copper, 

calcined 
NaOH @ 550–650 °C N/A N/A Leaching test N/A Quartz, albite, chlorite, dolomite 

[120] 2017 
Copper, zinc, 

fly ash, gold 
SS, SH, SiO2/Na2O = 2.5 W/c 57–63 28 d @ RT N/A ~30 N/A 

[182] 2015 Copper, slag NaOH 15 M 16% water 
7 d @ 60, 75, 90, and 

105 °C 
1.8–3.2 Na/Al 75 Quartz, albite, sanidine, gypsum 

[155] 2015 

Copper, 

aluminum 

sludge 

SH 0.8–1.3 7 d @ 90 °C 
0.08–6.75 Si/Al 

0.34–1.3 Na/Al 
~45 Quartz, albite 

[154] 2013 Copper, ckd NaOH 15 M 12–20% 7 d @ 90 °C 
3–14 Si/Al 

0.8–3.0 Na/Al 
~50 Albite, gypsum, quartz, sanidine 

[179] 2013 Copper NaOH 15 M 16% water 7 d @ 90 °C 
7.76 Si/Al 

0.86 Na/Al 
~35 Albite, gypsum, quartz, sanidine 
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Ref. Year Precursors Activators/Mix Design A/P Curing Si/Al, Na, K/Al UCS MPa Mineralogy/Chemical Composition 

[127] 2012 Copper 
(SiO2/Na2O) of 3.22 

NaOH 5, 10, 15 M 
33% water 

60–120 °C 

7 d 

1.67–8.88 Si/Al 

0.96–2.82 Na/Al 
N/A Albite, gypsum, quartz, sanidine 

[183] 2012 Copper NaOH 10, 15 8–18% 
60–120 °C 

7 d 
0.86–1.94 Na/Al 33.7 Albite, gypsum, quartz, sanidine 

[153] 2012 Copper NaOH/copper 0, 2, 4, 6% 15% 7–90 d, RT N/A ~3 N/A 

[132] 2019 Garnet, MK 
SiO2/Na2O = 3.1 

NaOH, SS 
0.43 

−20–80 °C 

−3 days 

Garnet has less 2% 

Si, Al release 
46 

Grossular, andradite, dolomite, calcite, 

quartz, almandine, boehmite 

[152] 2019 Gold, Al2O3 
SH+gold @ 550 °C for 1 h 

+SS 
N/A 

3 days 

Temp based on RSM 

25–89 °C 

14.6 Si/Al N/A 
89.25% SiO2, 6.1% Al2O3, 1.24% K2O, 

0.84% Fe2O3, 0.29% mgo, 0.09% SO3 

[175] 2019 Gold 
NaOH, KOH 2–10 M 

Good for paper 
0.1–0.5 N/A Leaching tests N/A N/A 

[184] 2019 Gold 
10 M KOH, KS, KA 

KS:KH 0–2 
0.26 5 days @ 80, 100 °C N/A 18 

Silicon dioxide (SiO2), magnesium oxide 

(mgo), aluminum oxide (Al2O3), 

potassium oxide (K2O), and ferric oxide 

(Fe2O3), 

[151] 2018 Gold, MK 
NaOH 8, 9 M 

SiO2/Na2O = 3 
N/A 28 d @RT 

1.8–2.6 Si/Al 

Na/Al = 1 
N/A N/A 

[148] 2018 
Gold, MK, 

slag 

NaOH 8 M, SS/SH = 1.25 

SiO2/Na2O = 3.0 
N/A 

24 h @ RT 

7, 28 d 
Leaching test N/A N/A 

[150] 2018 Gold  Leaching test - - - - 
Quartz, chlorite, magnetite, jarosite, 

pyrophyllite, albite, clinochlore, sepiolite 

[149] 2016 Gold, slag NaOH 5, 10, 15 0.17–0.25 28 d @RT N/A 22 
Albite, gypsum, quartz, dolomite, pyrite, 

sodium aluminum silicate 

[113] 2019 
Iron, wool 

glass 

NaOH 8 M, 10 M, and 12 M 

Mechanical activation  
0.27 7 d @100 °C 4.59 Si/Al 112.8 

Chamosite, Chantalite, Quartz, Geothite, 

Hematite 

[144] 2018 Iron, fly ash SS, SH 10 M, SS/SH = 2.5 0.4–0.8 14, 28 @ RT N/A 8.27 N/A 

[146] 2018 Iron  Silicate cement, NaOH, 0.7–1.0 12 h @RT N/A 5.18 N/A 

[145] 2016 
Iron brick 

picture  
SiO2/Na2O = 3.58 30% 

3 d @ 80 °C 

Combination 
N/A 50.35 

Quartz, goethite, aluminian, birnessite, 

and sodian 

[104] 2011 Iron, Slag 
SS, SH 10 M, SS/SH = 0.5 

SiO2/Na2O = 3.6 
0.35 7 d @ 30 °C N/A 63.79 Quartz 

[147] 2016 Iron, fly ash 
NaOH 10 M, SiO2/Na2O 3.2, 

SS/SH mass ratio = 9.14 
0.5 28 d @ RT N/A 50 

Anatase, antigorite, albite, amphibole, 

calcite, chlorite, dolomite, gypsum, 

quartz hematite, mullite, muscovite, 

pyrite 
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Ref. Year Precursors Activators/Mix Design A/P Curing Si/Al, Na, K/Al UCS MPa Mineralogy/Chemical Composition 

[156] 2019 
Lithium, 

phosphate, mk 
SS, SH 4 24 h @ RT Leaching test ~16 

Calcite, phlogopite, muscovite, quartz, 

kaolinite, albite, microcline 

[143] 2019 
Marble, fly 

ash 
SS, SH 2,4 M, SS/SH = 1 0.22–0.3 

24 h @ 70 °C 

+7 days 
N/A 6.52 Calcite, dolomite, quartz 

[119] 2018 

Marble, 

gypsum, fly 

ash, clay 

SS, SH 8 M, SS/SH = 5 N/A 28 d @ RT N/A 52 N/A 

[185] 2017 Marble, slag 
SiO2/Na2O = 0.96–1.40 

NaOH, SS 
0.4 28 d @ RT N/A 42–60 N/A 

[172] 2016 Marble NaOH 1, 5, 10 M ~0.5 
24 h @ 20, 45, 75 °C 

+2–90 d 
Si/Al > 3 

Wet 

curing  
Quartz and zeolite  

[122] 2019 
Phosphate, 

MK 

(NaOH + phosphate) calcined 

@550 and 800 °C + SS 
0.4 

−24 h RT 

−4 h @ 60 °C 

−28 days RT 

2.4 Si/Al @550 °C 

3.61 Si/Al @800 

°C 

40 

34.09% fluoroapatite, 

12.44% quartz, 11.15% calcite, 9.45% 

dolomite, 9.46% illite, 21%, 

palegorskite, 1.4% hematite 

[186] 2020 Phyllite SS, SH 0.29 
−RT, 60 °C 

−7 and 28 days 
0.45 for Si/Al 2–25 Quartz, muscovite, chamosite, albite 

[112] 2019 
Fly ash, 

quarry dust 

SH 3, 6, 12 M 

SS/SH = 2 
0.72 1, 3, 5 h @ 80 °C N/A 19.2 

Calcite mineral as well as dolomite, 

carbon and other minerals 

[187] 2018 
Red mud, mk, 

RHA 
NaOH 5 M, SS/SH = 4 0.97 

24 h @ 70 °C 

60 d 

3.85, 4.30, 4.45 and 

5.30 Si/Al 
30 Hematite, goethite and sodalite 

[173] 2018 
Silt, Fly ash, 

slag 
SH, KH, 8 M, SS, KS 1 3–28 d Leaching test 8 N/A 

[166] 2017 Clay, calcined NaOH 14 M, SiO2/Na2O = 3.2 0.63–1.88 
24 h @ 20, 60 °C 

21 d 

Na/Al = 0.85 

Si/Al 3.64–5.03 
22.9 

Quartz, calcite, kaolinite, illite, smectite, 

and albite 

[135] 2017 Silt SH 10% water Air and wet cure N/A ~12 
Quartz, sodalite, albite, calcite, 

microcline 

[96] 2016 Loess, fly ash NaOH, KOH,  
0.2–0.7 

water 
RT Si/Al = 2–3 113.8 Muscovite, nimite, quartz, albite, calcite 

[188] 2016 
Quartz, clay, 

MK 
KS, KH 0.3–0.34 1, 7, 28 d @ RT N/A ~20 Quartz 

[189] 2015 Clay SS, SH, KOH 0.5 3–28 d @40, 80 °C Si/Al = 2 7.58 
Montmorillonite, alkali feldspar, and 

quartz 

[165] 2015 Silt, calcined 

Sodium and potassium aluminate 

8–17 M 

Combination 

N/A 15 min–28 d @ 60 °C 
Al/NA = 0.647 

Al/K = 0.53 
6.7 

Kaolinite, smectite, and illite (62% total), 

quartz (18%), calcite (17%) and feldspars 

(3%) 
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Ref. Year Precursors Activators/Mix Design A/P Curing Si/Al, Na, K/Al UCS MPa Mineralogy/Chemical Composition 

[162] 2015 
Clay, slag 

calcined 

SH 5, 7, 10 M 

SS 
0.4 

3 d @ 60 °C 

28 d 

Na/Al = 1 

Leaching test 
1.7–38.90 

Quartz (18%), calcite (17%), feldspars 

(3%), clay phase (62%) 

[97] 2013 
Silt, fly ash, 

slag 
NaOH 0.28–1.20 3, 7, 28 d @RT N/A N/A 

Gismondine, quartz, illite, montmod 

Uonite  

[164] 2013 Silt calcined NaOH 5 M N/A 3 d @ 60 °C Na/Al = 1 N/A Quartz, calcite, kaolinite, illite/smectite  

[109] 2019 
Sphalerite, 

MK 

1 mol Na2SiO3 and 12 mol H2O 

+Pb(NO3)2 
0.49 

−6 h @ 60 °C 

−RT for 7 days 
N/A 2–15.5 

45.72% dolo- mite, 35.26% calcite, 

5.22% kaolinite, and 3.69% quartz 

[108] 2019 
Stone dust, fly 

ash 
Stone dust: NaOH 1:1.6 @ 500 °C N/A 

−24 h @ 30 and 80 °C 

−RT or water curing 

for 96 h 

N/A N/A SiO2 and caco3 

[105] 2020 
90% tungsten, 

10% slag 

SH 8 M, SS, SiO2/Na2O = 3.23, 

KOH 8, 10 M, waste glass 
1/3, 1/4 

-Primary 60 °C for 24 

h 

−7, 14, 28, 56 and 90 

days 

~0.45 for Si/Al 

0.104–0.214 for 

Na/Si 

~17–

33.05 
Muscovite and quartz 

[106] 2019 
Tungsten, 

glass waste 

Foaming agents: Al powder, 

SDBS, mno2 

Dosage of Na2O (3.1%, 3.3%, and 

3.5%) 

10 M SH+SS 

0.22 

−40 °C, 60 °C, 80 °C, 

and 100 °C 

−7 days 

N/A 3.8 Only chemical composition 

[98] 2019 
Tungsten, 

glad, MK 

SiO2/Na2O = 3.2 

NaOH 10 M, SS/SH = 3 
0.4 

24 h @ 60 °C 

28 d 
N/A 

2.28–

16.10 
N/A 

[128] 2017 
Tungsten, 

glass 

SiO2/Na2O = 1.75 

NaOH 10 M 
0.3 24 h @ 80 °C 3 = Si/Al 61 N/A 

[124] 2017 Tungsten NaOH 10 M, SS/SH = 4 1/3.6 Various combination N/A 41 
Muscovite, silica, sodium 

aluminosilicate, albite, pyrite 

[140] 2016 
Tungsten, 

grout 
Na4SiO4 and NaOH 12 M N/A 7, 14, 28 d, RT N/A 14.3 N/A 

[169] 2012 Tungsten SS, SH 10 M 0.25 

48 h @ RT 

+water cure 

7–28 d 

Si/Al = 3–4 ~18 Quartz, muscovite  

[138] 2010 Tungsten NaOH 12 M SS/SH = 2.5 1.8% 24 h @ RT Leaching test 8.4–39.6 Muscovite, quartz 

[137] 2010 Tungsten  SH 12 M, SS, sodium carbonate 0.5 7, 14, 28 @RT N/A ~45 N/A 

[110] 2019 
Vanadium, 

MK 
NaOH 0.28–0.44 3, 7, 28 d @20–80 °C N/A 31.5 mpa Quartz, potassium mica 

[107] 2019 
Vanadium, 

MK, calcined 
(NaOH + precursor) + water 0.35 7 d @RT Leaching test 29.0 N/A 
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Ref. Year Precursors Activators/Mix Design A/P Curing Si/Al, Na, K/Al UCS MPa Mineralogy/Chemical Composition 

[142] 2017 
Vanadium, 

MK 
SS 0.36 7, 14 @ RT Si/Na/Al = 3:2:1 ~25 Quartz, feldspar, plaster, hematite 

[100] 2011 
Vanadium, 

MK 
NaOH @ 450 °C N/A 

12 h @ 20 °C 

7 d 

Na/Al = 0.8 

1.5–2.35 Si/Al 
55.7 quartz, feldspar, diopside 

[190] 2011 vanadium 
NaOH @ 750 °C 2 h 

SA 
N/A RT 3 d 

6 Si/Al 

0.8 Na/Al 
36.2 N/A 

[191] 2019 Zinc, MK SS 0.49 
6 h @60 °C 

+7 d 
Leaching test 30 Quartz, calcite, andradite 

A/P: activator to precursor ratio; UCS: unconfined compressive strength; SS/SH: sodium silicate to sodium hydroxide ratio; SS: sodium silicate; SH: sodium hydroxide; KS: potassium silicate; 

KH: potassium hydroxide; RT: room temperature; MK: metakaolin; M: molar; N/A: not applicable.
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Chapter 5: Thermally Treated Waste Silt as Filler in 

Geopolymer Cement 

5.1 Introduction 

Nowadays, sustainability is a basic principle considered by politicians and many 

organizations in society. As for the construction sector, there is a growing interest in 

manufacturing sustainable buildings and infrastructures with high percentages of 

recycled materials. However, quarries of gravels are still operative and natural 

aggregates production requires landfill management of the wastes/by-products. 

Annually, the construction sector demands about 3000 million tons of non-renewable 

natural aggregates. In 2018 for instance, mining and quarrying waste exceeded 623 

million tons [1,20]. 

During the aggregate manufacturing process, water is used to wash the surface of the 

aggregates clean of dirt and mud. The water is then pumped out to sedimentation lakes 

or mine tailings nearby. For instance, during limestone production silt and clay 

particles are the main substances found in the sedimentation lakes. Clay minerals have 

the smallest particle size compared with silt and sand. In General, clay particles are 

formed from two main crystal layers of silica (tetrahedral) and alumina (octahedral) 

and their configuration, bonding type and metallic ions in the crystal lattice 

characterizes and separates different clay particles from one another [46]. The materials 

stored and kept in the sedimentation lakes could become an environmental issue. 

Different methods and approaches have been developed over the past few years to 

reduce the undesirable impact of quarry waste on the environment. For instance, quarry 

waste has been used in cement mortars [50,58,192] and asphalt pavements [193–195]. 
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A different approach includes recycling mineral fillers and quarry dust in geopolymer 

cement production [21,49,196–198].  

Geopolymer cement is an alternative binder to ordinary Portland cement, which was 

first introduced by Davidovits in the 1970s during his efforts to produce nonflammable 

and noncombustible plastics. Geopolymer cements are materials rich in aluminum 

silicates which are transformed to tridimensional tecto-aluminosilicates structure in an 

alkaline solution. The geosynthesis is based on the ability of the aluminum ion (6-fold 

or 4-fold coordination) to induce crystallographical and chemical changes in the silica 

backbone [14,89]. A geopolymer cement could be made by adding alkali solutions to 

materials rich in aluminosilicates (such as metakaolin and fly ash).  

Various studies have investigated the possibility of using clay and silt substances for 

geopolymer cement production. For instance, clay and fly ash were used as precursors 

to produce sustainable geopolymer bricks [199]. For this purpose, 11 different mixtures 

were produced by substituting different percentages of fly ash (0-100%) with clay. The 

results indicated that bricks created with 30-60% fly ash had promising physical 

properties and mechanical strength. In a different approach, Lampris et al, collected 

waste silt from different washing plants in the UK, which was mixed with metakaolin 

and fly ash to produce geopolymers [133]. Room temperature curing of the sample 

made entirely with silt reached 18.75 MPa after 7 days, whereas samples made with 

silt and metakaolin showed a higher compressive strength of 30.5 MPa. The addition 

of metakaolin and fly ash improved the geopolymer reaction/process which led to 

higher compressive strength. The authors suggested that the strength of silt-based 

geopolymers was enough to be used as aggregates in unbound applications.  

During geopolymer cement production, small grain-sized aggregates which have a 

certain quantity of reactivity are added to reduce brittleness and minimize pore size and 

shrinkage values of the final mixture. These materials, which are referred to as fillers, 

partially react with the geopolymer matrix producing stronger networks [14]. For 
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instance, limestone, marble and basalt powder wastes were used to produce 

geopolymer composites [200]. The described study claimed that the usage of up to 50% 

limestone or marble waste powder increased the sample strength. Overall, all 

mentioned waste powders positively affected the overall strength, abrasion and water 

absorption of the geopolymer samples. Various inert and/or partially reactive waste 

materials have been used as fillers. The effect of different fillers such as quartz fume, 

illitic clay and recycled chamotte material on thermo-mechanical properties of 

geopolymer was studied [201]. The highest compressive strength for samples made 

with clay was obtained when 10% of clay was used as filler. However, the best 

performance in terms of lower porosity and higher strength was observed when 20% 

of quartz or chamotte was used in the mixture. In a similar study, calcined kaolinitic 

claystone and potassium silicate hardener was used to produce geopolymer samples 

[202]. Quartz, corundum, chamotte, and cordierite were used as fillers. The authors 

claimed that the viscosity of such mixes was low enough to allow the incorporation of 

up to 65% of filler. The geopolymer samples had a stable structure at an elevated 

temperature of 1000 °C and the shrinkage of geopolymer samples significantly reduced 

at high temperatures when the filler was used. The best fillers were corundum or 

chamotte and performed better compared with the other type of fillers [202].  

In some studies, the silt and clay materials underwent thermal pretreatments. Due to 

the mineralogy and nature of clay, pretreatments could increase the reactivity of the 

precursors by altering their mineralogical properties. For example, a case study was 

conducted in a reservoir located in southern Italy aiming at tackling the loss of water 

storage capacity in the lakes, where alkaline activation of silt residues was suggested 

as a solution. The results indicated that the clay and silt could be calcined and reused 

in applications such as a binder, precast elements and bricks through alkaline activation 

[136]. The calcination of quarry dust reduces the crystalline structure and improves the 

reactivity of mineral fillers. Calcination requires the quarry dust to be heated at 600-
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800 °C for an average duration of 2 hours [162]. However, the calcination temperatures 

could vary based on the mineralogy, type, or physical properties of quarry waste. For 

instance, the surface area and particle size were used as parameters to determine the 

optimum calcination temperature of low-grade clay [203]. The largest specific surface 

area of 18.43 m2 /g and the smallest median particle size of 16.4 µm were achieved at 

550 °C. Therefore, the calcination temperature of 550 °C was selected as the most 

efficient temperature for the thermal treatment of the low-grade clay. 

Quarry waste management has become an important aspect during the past decades and 

various methods have been proposed for reducing its impacts on the environment. In 

this regard, geopolymer cement has become an interesting and alternative method for 

aggregate by-product management. In most cases, waste minerals have been used as 

precursors in geopolymers production, while the possibility of using the by-products 

as filler has received less attention. Depending on the mineralogy of the mineral fillers, 

some may be less reactive and have low Si and/or Al content, which may not be suitable 

for being used as precursors. However, these materials may have promising 

performance if used as fillers in geopolymer mixtures. Thus, the main aim of the current 

study was to investigate the feasibility of including silt (a by-product of limestone 

aggregate production) in geopolymer cement production as a filler. 

Furthermore, considering their final possible application as constructions materials, 

leaching tests were performed. The construction and/or pavement products are indeed 

constantly in contact with stormwater produced by rainfall events. These products 

experience varying stormwater conditions during their lifespan including acidic, or 

basic pH and different temperatures, depending on the time of the year [204]. This 

exposure may lead to the release of various organic and inorganic compounds into the 

stormwater, including heavy metals, nutrients and, for example, polycyclic aromatic 

hydrocarbons (PAHs) [205,206]. Previous studies have shown that the scale of 

contaminants released into stormwater from construction materials is comparable to 
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pesticide contamination in agricultural systems [204,207]. Therefore, the potential of 

new construction and paving products to release organic and inorganic compounds into 

the water bodies should be evaluated before their application in roads and buildings. 

Thus, in this study the potential of the geopolymer for releasing of harmful compounds 

was investigated through leaching tests, according to the European Commission (EC) 

Construction Products Regulation (CPR). 

5.2 Materials and Methods 

Two separate phases were planned for the current study. For the first phase, the aim 

was to determine the optimum calcination conditions of the waste silt obtained from 

S.A.P.A.B.A.’s sedimentation lakes in Italy. The second phase focused on determining 

the optimum amount of silt (%) that could be used in geopolymer cement mixture. 

For the first phase, a DOE (design of experiment) was produced, and raw silt was 

calcined accordingly. A DOE is a branch of applied statistics that is used to plan, 

conduct, and analyze the effect of different input variables on the desired outcome(s) 

of a test or process. The selected input variables for the first phase were the calcination 

temperature and the calcination time, where the outcome was selected as the 

unconfined compressive strength (UCS). The DOE analysis indicated the best 

calcination time and temperature that produced the highest strength amongst all of the 

samples. The obtained data were then compared with mineralogical and environmental 

tests to determine the optimum calcination conditions of the waste silt. 

The second phase, independent of the first section, focused on determining the 

optimum amount of silt that could be used in geopolymer cement mixtures. However, 

the optimum silt calcination conditions were taken from the first phase. Consequently, 

an additional DOE was designed, where the silt and activator type were selected as 

variables, each having 3 levels/types. The UCS was selected as the outcome variable. 
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Thus, the effect of the activator type and the silt percentage on the final UCS was 

studied. The overall workflow for the methodology is depicted in Figure 5.1. 

 

Figure 5.1. Methodology flow chart. 

5.2.1 Silt Characterization and Thermal Treatment (Phase I) 

As described in section 1.3, the silt was excavated from S.A.P.A.B.A.’s sedimentation 

lakes (Bologna, Italy). The materials used in geopolymer cement/concrete should be 

rich in both aluminum and silicates. The aluminosilicates can react with the liquid 

hardeners and can produce a geopolymer binder. Thus, the precursors and fillers should 

have both an appropriate mineralogy and chemical composition. Consequently, the 

chemical composition and mineralogy of the silt was determined. The data is fully 

demonstrated in section 1.3. 

The initial data indicated a presence of 43.5% and 12.5% SiO2 and Al2O3, respectively. 

However, the mineralogical data indicated that the silt had a high crystallinity, which 
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was composed of minerals including quartz, calcite, phyllosilicates with characteristic 

interplanar distances associable with chlorite, kaolinite/serpentine, illite/mica, feldspar 

such as albite and K-feldspar, and traces of dolomite. 

To increase the reactivity of the silt, thermal treatment (calcination) was conducted 

using a static furnace (Pixsys ATR621, Venice, Italy) with a heating rate of 10 °C/min. 

To proceed with the calcination, a design of experiments (DOE) was established using 

JMP® software (Version 14.0. SAS Institute Inc., Cary, NC, USA, 1989–2019). The 

response surface method has gained popularity over time and has turned into a common 

mathematical and statistical tool for optimizing processes and evaluating the 

relationships between various input factors and responses. Moreover, this method 

produces reliable results and can decrease the number of tests required, reducing the 

needed time and expenses. Thus, a response surface method (RSM) was applied, where 

time and temperature were selected as the two independent factors, and the response 

was the unconfined compressive strength (UCS). A stepwise approach the using 

minimum BIC (direction forward, no rules) was used to build the final second-degree 

model. Consequently, a total of nine runs were produced, each with different times and 

temperatures for the calcination process (Table 5.1). The temperatures ranged between 

200 and 850 °C, and the time was selected to be between 1 to 12 h. The runs were 

randomized to reduce type II errors as much as possible. The calcined silt obtained 

from each run was used to produce geopolymer cement samples. Each produced 

mixture was then tested for UCS. The calcination process is shown in Figure 5.2. 

Table 5.1. DOE for silt calcination under different times and temperatures. 

Run Order Temp (°C) Time (h) 

1 200.0 6.5 

2 295.2 10.4 

3 754.8 10.4 

4 295.2 2.6 

5 850.0 6.5 

6 525.0 6.5 

7 525.0 12.0 
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8 754.8 2.6 

9 525.0 1.0 

 

Figure 5.2. Silt calcination process. Different calcination temperatures change the 

physical appearance of the silt. From left to right, the images show the uncalcined silt 

and the silt calcined at 550, 750, and 850 °C. 

5.2.2 Geopolymer Binder Preparation and Testing Procedures (Phase I) 

5.2.2.1 Sample Preparation 

Sodium-based and commercially available potassium-based liquid (supplier’s name, 

city, country) hardeners were used to produce the geopolymer cement mixtures. A 

sodium-based solution (labeled “Na”) was prepared by mixing five parts sodium 

silicate (MR = 1.99) with one-part NaOH solution (10 molars) (NaOH 98% purity, 

thermofisher). The potassium-based solution (labeled “K1”) was a commercial product 

with an MR of 1.7. As for the main precursor, a highly reactive metakaolin (labeled 

“MK”) was used. Regardless of the type of liquid hardener, cubic samples were 

prepared by mechanically mixing metakaolin with the liquid solution (sodium or 

potassium) for 10 min. The calcined silt was added, and the mixing continued for an 

additional 5 min. The mixture was then poured into cubic Teflon molds (4 × 4 × 4 cm), 

covered and sealed with a plastic sheet to prevent water evaporation, and stored at room 

temperature for 24 h. After the curing process, the cubic samples were de-molded and 

were stored at room temperature for 30 days before any testing. This process was 

repeated, and the mixtures were separately made with different calcined silt. The 

detailed mixture design is shown in Table 5.2. The amount of the materials was selected 
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as such to satisfy the equation Na/Al = 1. This could reduce the leachate of the free 

sodium or potassium cations in the samples. 

Table 5.2. Detailed mixture design for geopolymer cement production. 

Liquid Hardener  

Type-Amount (g) 

MK/Liquid  

Hardener 
MK (%) * Silt (%) * 

Na-192.0 0.69 65.5 34.5 

K1-192.0 0.53 50.5 49.5 

* Total solid weight (MK + silt). 

5.2.2.2 Unconfined Compressive Strength  

After 30 days of curing, the unconfined compressive strength of the cubic samples was 

evaluated through a hydraulic press (Galdabini, Italy). A constant loading speed was 

applied, and all the procedures were based on the EN 1015-11: 2019 standard. For each 

run, three replicates were tested. The average UCS was used for further calculations.  

5.2.2.3 Leaching Test 

The horizontal dynamic surface leaching test (DSLT) was conducted in this study 

according to the CEN/TS 16637-2 standard proposed by the EC-CPR. The samples for 

the leaching tests (4 × 4 × 4 cm) were prepared with the same procedure described in 

Section 5.2.2.1 for geopolymers, with K1 and Na as liquid hardeners and calcination 

temperatures of 200, 295, 550, 750, and 850 °C. The samples were placed in glass tanks 

with sealed caps to prevent the liquid from evaporating. The space between the 

specimens and tank walls was more than 20 mm in all directions. Samples were placed 

on spacers at the bottom of the containers in order to have all of the sample sides in 

contact with the leachant. Deionized (DI) water was used as the leachant in this study. 

A sample surface to water volume of 80 L/m was chosen according to the CEN/TS 

16637-2 standard. Leaching tests were conducted in 3 replicates prior to the statistical 

analysis of the results. The room and leachant temperature were controlled and 

maintained between 20–25 °C. The leachant in the containers was sampled and 

renewed at time intervals of 0.25, 1, 2.25, 4, 9, 16, 36, and 64 days with the duration 
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of each step being 0.25, 0.75, 1.25, 1.75, 5, 7, 20, and 28 days, respectively. Control 

experiments were conducted with DI water in containers in the absence of geopolymer 

specimens. 

Samples from leaching and control tests were collected to evaluate the concentrations 

of Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sb, Se, Si, Tl, 

V, and Zn. The pH and electric conductivity of the liquid samples were also measured 

for samples from all of the time intervals. Concentrations of the compounds were 

measured using a Perkin-Elmer Optima 5300 DV ICP-OES instrument. The following 

equation (Equation (1)) was used to calculate the normalized concentrations of the 

leached compounds: 

ri =
ci V

A
 (1) 

where i is the sampling step, ci is the concentration of the compound in the leachant 

(mg/L), V is the volume of the leachant (L), and A is the surface area of the specimens 

(m2). 

The cumulative concentrations of the leached compounds (Equation (2)) were 

calculated as follows: 

Cn = ∑ ri

n

i=0

 (2) 

where Cn (mg/m2) is the cumulative concentration at the step n of leaching test, and i 

is the sampling step. 

5.2.3 Geopolymer Binder Preparation and Testing Procedures (Phase II) 

A second DOE (Table 5.3) was designed, aiming to compare the effect of different 

types of liquid activators and the amount of silt on the final geopolymer cement 

strength. For this purpose, two of the previous liquid hardeners (Na and K1) plus a third 
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commercial potassium-based liquid (K2) were used (MR = 3.2). The amounts of silt 

selected were 150, 200, and 250 g. The amounts of MK for Na, K1, and K2 selected 

were 133, 101.9, and 54.66 g, respectively. For all mixtures, the liquid amount was 

selected as 192 g. The MK/liquid ratio was selected is such manner to fulfil Na (or 

K)/Al = 1. 

Table 5.3. The effect of silt amount and activator type on UCS (DOE). 

Run Order Activator Silt (g) Silt (%) * 

1 Na 150 53 

2 K1 250 78 

3 Na 250 65.3 

4 K2 200 71 

5 K2 250 81.6 

6 K1 150 59.5 

7 K2 150 65.3 

8 K1 200 60.2 

9 Na 200 60.1 

* Total solid weight (MK + silt). 

A full factorial design having a total of 9 (3 × 3) randomized runs was produced. The 

model was produced using the standard least squares with emphasis on effect leverage. 

The samples were prepared as they were in the previous phase, and the cubes were 

tested for compressive strength after 30 days of room temperature curing (EN 1015-

11: 2019). Phase II of the study was independent of the first phase. However, the silt 

calcination conditions were taken from the first phase. Therefore, for all of the samples 

produced in the second phase, the silt was calcined at 750 °C for 2 h (further details are 

provided in the Discussion section). The detailed mixture design is presented in Table 

5.4.  
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Table 5.4. Mix design proportions for liquid hardener and MK. 

Liquid Hardener Type-Amount (g) MK/liquid Hardener 

Na-192.0 0.69 

K1-based-192.0 0.53 

K2-based-192.0 0.29 

 

5.3 Results 

5.3.1 Calcined Silt Mineralogical Characterization (Phase I) 

A total of three samplings of the silt were performed to investigate the variations of the 

mineralogical composition in the sedimentation lakes. All of the samples were found 

to be composed of quartz, calcite, phyllosilicates with characteristic interplanar 

distances associable with chlorite, kaolinite/serpentine and illite/mica, and albite-like 

feldspar, as determined by means of XRD qualitative analysis. K-feldspar and traces 

of dolomite were also found, but they were not found in all of the samples.  

The XRD semi-quantitative analysis revealed the presence of quartz and calcite as 

major constituents, with variability within about 30–40 wt% and 25–30 wt%, 

respectively. Significant amounts of illite/mica, chlorite, kaolinite/serpentine, and 

albite-like feldspar were also detected, with variability within about 12–20 wt%, 2–7 

wt%, 5–11 wt%, and 4–12 wt%, respectively. Where present, K-feldspar were found 

up to about 9 wt%, whereas dolomite was found in small amounts up to about 2 wt%. 

After the mineralogical characterization of the raw material, thermal treatments 

(calcination) were conducted at different times and temperatures, as detailed in Table 

5.1, to increase the reactivity of the silt. Figure 5.3 reports the X-ray diffractograms of 

the control and calcinated silt. 
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Figure 5.3. XRD profiles of the control and calcinated silt obtained with Cu Kα 

radiation. C = Calcite, Q = Quartz, W = Wollastonite, D = Diopside, A-G = 

Åkermanite–Gehlenite solid solution, I/M = Illite–Mica, Ch = Chlorite, K/S = 

Kaolinite/Serpentine, F = Feldspars. 

No variation in the mineralogical composition of the calcinated silt was revealed by 

XRD analysis at temperatures up to 295 °C, independent of the calcination time. The 

thermal treatments at 525 °C, independent of the treatment time, caused an increase in 

the X-ray intensity of the diffraction peak at about 14 Å, which was also associated 

with a slight shift to a higher angle, the complete collapse of the peak at about 7 Å, and 

no significant variation of the other peaks. The calcination at higher temperatures (i.e., 

750 °C and 850 °C) caused the complete collapse of the diffraction peak at about 14 Å 

and a decrease in the intensity of the peak at about 10 Å (runs 10 h at 750 °C and 6.5 h 

at 850 °C). Still, the almost total collapse of the calcite peaks (which collapsed at 750 

°C for 10 h and at 850 °C for 6.5 h) and the formation of new mineral phases were 

observed. In particular, the treatment at 750 °C for 2.6 h produced a wollastonite-type 

(CaSiO3) new phase, whereas the other two treatments also produced a diopside-like 
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(CaMgSiO2O6) phase and a mineral in the Åkermanite (Ca2MgSi2O7)–gehlenite 

(Ca2Al(SiAl)O7) solid solution.  

5.3.2 Binder Properties 

5.3.2.1 Unconfined Compressive Strength-DOE Analysis (Phase I) 

The average UCS obtained for the samples prepared with Na or K1-based liquid 

hardeners are presented in Table 5.5. Overall, an increase in the calcination 

temperatures led to an increase in the final compressive strength of the geopolymer 

cement samples. This trend was true for the samples made with both Na- and K-based 

liquid hardeners. However, the effect of calcination time on the final UCS differed for 

low and high temperatures. In this regard, an increase in calcination time at lower 

temperatures (< 525 °C) seemed to increase the final strength of the samples. However, 

at higher temperatures, an increase in the calcination time led to a decrease in the 

compressive strength. For instance, by increasing the time from 1 to 6.5 h, the 

compressive strength of the Na-based samples made with silt calcined at 525 °C 

increased. However, a further increase in calcination time led to a decrease in the final 

strength, with values from 49.40 to 43.57 MPa.  

Table 5.5. Compressive strength obtained for different calcination conditions (DOE). 

Run Order Temperature (°C) Time (h) Na-UCS (MPa) K1-UCS (MPa) 

1 200.0 6.5 39.43 35.49 

2 295.2 10.4 42.15 27.00 

3 754.8 10.4 57.58 48.82 

4 295.2 2.6 32.50 35.85 

5 850.0 6.5 59.52 45.85 

6 525.0 6.5 49.40 36.24 

7 525.0 12.0 43.57 34.98 

8 754.8 2.6 60.81 35.96 

9 525.0 1.0 48.52 39.59 

 



Results  Solouki. A 

110 

 

The obtained data were then inputted into JMP® software, and a response surface 

method analysis was applied. The input variables were selected as calcination time and 

temperature, and the resulting UCS for both Na- and K-based geopolymers were 

selected as the two responses. The summary of the fit and parameter estimates for the 

Na-based geopolymers are tabulated in Table 5.6 and Table 5.7, respectively. The R-

squared value of 93.08% indicated a high confidence fit of the model (Table 5.6). The 

data presented in indicated a high impact of the temperature factor on UCS, with a t-

ratio of 7.04 and high significance levels (<0.0021). However, time did not show a 

significant effect on the compressive strength. 

Table 5.6. Summary of fit (Na-based liquid). 

Statistical Term Value 

RSquare 0.930802 

RSquare Adj 0.861603 

Root Mean Square Error 3.621467 

Mean of Response 48.16444 

Observations (or Sum Wgts) 9 

 

Table 5.7. Parameter estimates (Na-based liquid). 

Term Estimate Std Error t Ratio Prob > |t| 

Intercept 49.636366 1.891252 26.25 <0.0001 

Temp (°C) (200,850) 12.754706 1.810732 7.04 0.0021 

Time (h) (1,12) −0.10259 1.81073 −0.06 0.9575 

Temp (°C) × Time (h) −6.439971 3.62145 −1.78 0.1500 

Time (h) × Time (h) −3.311813 3.275738 −1.01 0.3692 

 

The interaction between calcination time and temperature for Na-based geopolymer 

cements is shown in Figure 5.4. The interaction also indicates that at higher 

temperatures, an increase in calcination duration could decrease the compressive 

strength of the samples. Moreover, the rate at which temperature impacts the UCS is 

higher when a lower calcination duration (1 h) is used compared to a higher calcination 

time.  
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Figure 5.4. Interaction profile for time and temperature (Na-based liquid). 

The prediction profiler is shown in Figure 5.5. This tool allows for the optimization of 

the factors and outcomes based on different desirability factors. Thus, to achieve the 

highest compressive strength, the parameters were changed accordingly. Consequently, 

by minimizing the calcination duration to 2 h, the maximum compressive strength of 

65.52 MPa was predicted. Figure 5.6 shows the contour plot for sodium-based 

geopolymer samples. As indicated, the highest compressive strength is achievable 

when calcination temperatures are higher than 650 °C.  

 

Figure 5.5. Prediction profiler for Na-based geopolymer cement. 
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Figure 5.6. Contour plot for Na-based geopolymer cement. 

The summaries of the fit and parameter estimates for the samples produced with 

potassium liquid hardeners are presented in Table 5.8 and  

Table 5.9, respectively. Similarly, the model had an R-squared value of 0.9116, 

indicating a high precision fit of the model. Again, the temperature is what has the 

highest impact on the final strength. However, for the potassium-based models, the 

interaction between time and temperature is significant (< 0.05), with a positive 

interaction value of 4.03. Thus, as illustrated in Figure 5.7, an increase in both factors 

will result in the highest UCS possible.  

Table 5.8. Summary of fit for K1-based samples. 

Statistical Term Value 

RSquare 0.911692 

RSquare Adj 0.823385 

Root Mean Square Error 2.694961 

Mean of Response 37.75333 

Observations (or Sum Wgts) 9 
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Table 5.9. Parameter estimates for K1-based samples. 

Term Estimate Std Error t Ratio Prob > |t| 

Intercept 36.247273 1.407398 25.75 <0.0001 

Temp (°C) (200,850) 6.4667096 1.34748 4.80 0.0087 

Time (h) (1,12) −0.443622 1.347478 −0.33 0.7585 

Temp (°C) × Temp (°C) 3.3886312 2.437683 1.39 0.2369 

Temp (°C) × Time (h) 10.854951 2.694949 4.03 0.0158 

 

 

Figure 5.7. Interaction profile for time and temperature for K1-based samples. 

The prediction profiler for potassium-based geopolymer cements indicated that the 

highest UCS can only be achieved if the high temperature (850 °C) and long calcination 

duration of 12 h are used (Figure 5.8). Calcination completed in shorter durations will 

result in lower UCS values. This is also indicated by the contour plot (Figure 5.9), 

which indicates the requirement of both high temperature and duration for achieving 

high compressive strength values.  
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Figure 5.8. Prediction profiler for K1-based geopolymer cement. 

 

Figure 5.9. Contour Plot for K1-based geopolymer cement. 

5.3.2.2 Horizontal Dynamic Surface Leaching Test (Phase I)  

The changes in the pH values during the DSLT test for the K- and Na-based 

geopolymers are presented in Figure 5.10. The K-based geopolymers (K1) showed 
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higher pH values than the Na-based specimens at all calcination temperatures. K-based 

geopolymers calcinated at 200, 295, 550, 750, and 850 °C showed a pH ranging 

between 11.6–11.9, 10.9–11.4, 10.0–11.7, 9.9–10.0, and 9.5–9.8, respectively. The pH 

values for the Na-based geopolymers ranged from 11.2–11.7, 10.5–10.7, 9.9–10.4, 9.6–

9.9, and 9.2–9.5 at calcination temperatures of 200, 295, 550, 750, and 850 °C, 

respectively.  
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Figure 5.10. pH values (a,b) and electric conductivity (c,d) of leachants during the 

DSLT tests. K refers to the K1 liquid used in Phase I. 

The evolution of the electric conductivity of K- and Na-based geopolymers was 

evaluated using the DSLT test and was reported for different time intervals from 0.25 

to 64 days (Figure 5.10). According to the results, the mean value of electric 

conductivity for leachant in contact with K-based geopolymers was between 1269–

1466, 988–1263, 736–940, 392–461, and 300–376 uS/cm depending on the DSLT time 
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interval. The Na-based specimens showed an electric conductivity of 839–957, 601–

825, 365–673, 211–295, and 119–129 uS/cm for calcination temperatures of 200, 295, 

550, 750, and 850 °C, respectively. 

The cumulative concentration of released heavy metals and trace elements per unit of 

K- and Na-based geopolymer specimen surface are presented in Table 5.10. According 

to the results, no concentrations of Se, Tl, and V were observed in K- or Na-based 

geopolymer leachants during the DSLT test. Moreover, for the K-based geopolymers 

calcinated at 850 °C, the concentrations of Cd, Ni, Pb, and Sb were below the 

instrument detection limit for all of the DSLT time intervals. No concentrations of Cd, 

Co, Mn, Pb, or Sb were leached to the DI water from the Na-based geopolymers 

calcinated at 750 and 850 °C during the DSLT test. Additionally, the leachants from 

the Na-based geopolymers calcinated at 850 °C contained concentrations of Cu and Ni 

that were below the detection limit. The cumulative release of Al, Ca, K, Na, and Si in 

the leachants during the DSLT tests ranged between 53–1257, 12–147, 1300–36,858, 

9–175, and 1648–19,586 mg/m2 for the K-based geopolymers, respectively. 

Cumulative concentrations of Al, Ca, K, Na, and Si of 81–1068, 7–115, 7–95, 2390–

29,774, and 1148–16,648 mg/m2 o were detected in the leachants from the Na-based 

geopolymers in the DSLT test, respectively. 
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Table 5.10. The cumulative concentrations of the released heavy metals and trace 

elements from the surfaces of the geopolymer specimens (mg/m2). 

Eleme

nt 

K-Based Geopolymer Specimens Na-Based Geopolymer Specimens 

K-200 * K-295 K-550 K-750 K-850 Na-200 Na-295 Na-550 Na-750 Na-850 

Al 1257.55 578.473 231.38 127.26 53.45 1068.91 587.90 317.46 139.68 81.017 

As 5.62 2.75 1.15 0.56 0.28 4.66 2.19 0.92 0.44 0.26 

B 73.45 38.19 19.09 7.63 3.81 53.61 23.05 9.91 5.65 3.05 

Ba 13.84 5.53 2.21 0.93 0.39 11.21 4.59 2.52 1.39 0.62 

Ca 147.56 78.20 46.92 23.46 12.90 115.09 63.30 37.34 16.43 7.06 

Cd 0.66 0.28 0.13 0.06 ND 0.56 0.28 0.16 ND ** ND 

Co 0.81 0.39 0.16 0.09 0.04 0.55 0.27 0.14 ND ND 

Cr 3.93 1.65 0.94 0.45 0.25 3.06 1.44 0.72 0.38 0.15 

Cu 0.92 0.37 0.21 0.12 0.07 0.77 0.43 0.24 0.12 ND 

Fe 103.57 56.96 27.34 12.30 4.92 83.89 50.33 24.66 10.35 6.01 

K 36,858.1 15,480.41 6501.77 2600.71 1300.35 95.14 51.37 30.31 13.03 7.69 

Mg 7.69 4.22 1.86 0.93 0.38 5.07 2.89 1.47 0.73 0.42 

Mn 1.12 0.56 0.25 0.11 0.06 0.84 0.45 0.22 ND ND 

Mo 17.45 7.67 3.07 1.56 0.73 11.69 6.19 3.47 1.49 0.68 

Na 175.34 82.41 43.67 19.21 9.03 29,774.44 15,184.96 8351.73 4509.93 2390.26 

Ni 0.77 0.43 0.26 0.10 ND 0.56 0.31 0.18 0.08 ND 

Pb 0.08 0.04 0.01 ND ND 0.06 0.03 0.01 ND ND 

Sb 0.11 0.06 0.02 0.015 ND 0.09 0.05 0.02 ND ND 

Se ND ND ND ND ND ND ND ND ND ND 

Si 19,586.1 9988.93 5493.91 3296.34 1648.17 16,648.21 8324.10 3662.60 2051.06 1148.59 

Tl ND ND ND ND ND ND ND ND ND ND 

V ND ND ND ND ND ND ND ND ND ND 

Zn 67.19 33.59 14.10 5.92 2.42 49.04 21.09 11.60 6.72 2.96 
* K-200: K-based geopolymer calcinated at 200 °C; ** ND: Not detected. K-based geopolymers refers to samples 

made with K1 liquid in Phase I. 

5.3.3 Effect of Silt and Activator Type on UCS (Phase II) 

The compressive strength correlated to the percentage of silt and liquid hardener type 

is shown in Table 5.11. The liquid types of Na, K1, and K2 refer to the sodium-based 

and two potassium-based liquid hardeners. The highest UCS of 57.46 MPa was 

reported for the samples made with K1 liquid, whereas the lowest value was reported 

for the K2 sample with 29.05 MPa. The silt amounts used for K1 and K2 were reported 

as 59.5 and 72.7% (total solid weight), respectively. The data were further analyzed in 

JMP® software, providing more information regarding the effect of the silt and liquid 
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type on the final mechanical strength of the samples. The interaction plots (Figure 

5.11), further show the correlation between the studied factors and the output response. 

With an increase in the silt amount, the final compressive strength of the samples made 

with Na and K1 liquids decreased. However, for the samples made with K1 liquids, the 

compressive strength decrease is not as high as the ones for the Na liquids, where a loss 

of about 20 MPa was observed when the amount of silt was increased from 53 to 65.3% 

(total solid weight). The only samples that showed an increase in strength with an 

increase in silt content were the samples made with K2 liquid hardener. The produced 

model had an R2 = 0.994, which was shown to be significant (p < 0.0013).  

Table 5.11. UCS for samples produced with different amount of silt and liquid type. 

Liquid Type Silt (g) Silt (%) * UCS (MPa) 

Na 150 53 56.00 

K1 250 78 50.10 

Na 250 65.3 30.07 

K2 200 71 34.07 

K2 250 81.6 41.68 

K1 150 59.5 57.46 

K2 150 65.3 29.05 

K1 200 60.2 52.08 

Na 200 60.1 44.78 
* Total solid weight (MK + silt). 

 

Figure 5.11. Interaction plots of samples produced with different silt amounts and 

liquid types. 
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5.4 Discussion 

The results from the mineralogical analysis of the raw silt evidenced small variability 

in the silt composition, mainly in terms of the amount of the mineral phases rather than 

the type of phases. Only dolomite and K-feldspar were occasionally observed: the first 

was detected in just a few weighted percentages, and the second was detected up to 

about 9%; however, it was not affected by the calcination treatments and thus, in 

principle, did not participate in the change of reactivity of the silt. The variability is an 

important parameter for the mass production of samples. This could alter the final 

strength of the produced samples due to variation in the phase of the waste silt. 

However, the results did not show, nor did they affect the current test results since no 

variation in the phase was observed. 

As expected, the XRD profile was not affected by the treatments for temperatures up 

to 295 °C. The lowest values for compressive strength, regardless of liquid type, were 

achieved at calcination temperatures below 295 °C. Based on the leaching results, low 

calcination temperatures lead to the undesirable leaching of alkali cations (Na+ or K+) 

and for all cases, sodium-based samples showed lower leaching values than potassium-

based mixtures. The low UCS values and high leaching could be associated with the 

inert behavior of the silt calcined at low temperatures.  

The variation of the XRD profile for calcination at 525 °C was consistent with the 

dehydroxylation of the interlayer hydroxide of the chlorite and the dehydroxylation of 

kaolinite/serpentine, regardless of the calcination time. This increased the reactivity of 

the silt and consequently increased the compressive strength for both the sodium and 

potassium-based mixtures (Table 5.5).  

The treatments at about 750 °C for 2.6 hours caused the dehydroxylation also of the 

talc-like layer of chlorite and its complete amorphization as revealed by XRD, the 

almost total loss of calcite and the formation of a wollastonite-type (CaSiO3) new 
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phase. All these types of transformations are well reported and described by Földvari 

(2011) [208]. The last two treatments, 750 °C for 10 hours and 850 °C for 6.5 hours, 

also determined the complete loss of calcite, a progressive dehydroxylation of 

illite/mica, and the formation of a diopside-like (CaMgSiO2O6) phase and a mineral in 

the Åkermanite (Ca2MgSi2O7)–gehlenite (Ca2Al(SiAl)O7) solid solution in 

percentages up to about 10% [208]. 

The effectiveness of promoting aluminosilicate dissolution is higher in Na-based alkali 

solutions compared to K-based ones. Moreover, the viscosity of Na is much higher than 

K, making it harder to mix sodium-based geopolymer mixtures. However, based on the 

literature, K-based geopolymers should have higher compressive strength than Na-

based samples, indicating that the rate of dissolution does not control the 

geopolymerization [14].  

The results presented in Table 5.5 indicate that for all of the calcination conditions, the 

UCS obtained for Na-based mixtures are higher than the ones of the K-based samples. 

This could be related to the amount of silt used in the mixture. Only 100 g of silt (49.5% 

total solid weight) was added to the K1 samples during phase I, producing a maximum 

strength of 48.82 MPa using silt calcined at 750 °C for about 10 h. The silt acts as a 

partially reactive filler in the geopolymer mixture. For samples produced with K1, the 

filler amount was not sufficient, leading to the samples prone to cracking due to their 

brittleness. Generally, samples produced with metakaolin only will be very brittle 

unless a proper amount of filler is added to the mixture [209]. This could also be backed 

up with the results obtained during phase II of the study, where the effect of silt amount 

was investigated on the final strength of the samples. Table 5.11 indicates that the 

highest amount of UCS was obtained for the K1 samples produced with 150 g (59.5% 

total solid weight) of silt. Thus, increasing the amount of silt by 10%, an increase of 

approximately 10 MPa was observed for the K1 samples. However, by further 

increasing the amount of silt to 71%, the final strength slightly decreased to 50.10 MPa. 
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This could be related to the fact that for a higher silt amount, water (less than 2% of 

total solid part) was added to the mixture, decreasing the mixture viscosity. Water could 

decrease the maximum strength of the samples by decreasing the molarity of the alkali 

solutions [14]. Moreover, an excess amount of filler (silt) could remain unreacted in a 

mixture and could behave as an inert material. This could produce micropores inside 

the samples, which can decrease the final strength of the mixtures [105]. The results 

for phase II were in line with the literature since the UCS for K1 was higher than the 

ones for Na, regardless of silt amount. Both the Na and K1 samples experienced an 

increase in the strength when the silt amount was increased from 150 to 250 g, whereas 

the strength of the K2 samples increased with an increase in the silt content. K2 had 

the lowest amount of viscosity amongst all of the liquid hardeners, allowing more silt 

to be used within the mixture. Thus, by adding a higher amount of silt (>250 g), the 

final compressive strength could exceed 41.68 MPa, as reported in Table 5.11.  

The results of the DSLT tests revealed that the pH of the leachants from the K-based 

and Na-based geopolymers increased with the reduction of the geopolymer calcination 

temperature at each test time interval (Figure 5.10). The lowest and highest observed 

pH were associated with Na-based geopolymers calcinated at 850 °C (9.2) and 200 °C 

(11.7), respectively. The same pattern was observed with the K-based geopolymers. 

The increasing of the pH values was due to the leaching of the alkaline elements into 

the leachant [210,211]. With increasing calcination temperatures for both the K- and 

Na-based geopolymers, the number of alkaline elements participating in the 

geopolymerization process and creating bonds in the potassium and sodium alumina–

silicate gels increased [212]. This phenomenon resulted in lower rates of alkaline 

element release into the leachant and consequently lower pH values. This observation 

was in line with the mechanical results, where the geopolymers calcinated at higher 

temperatures showed higher geopolymerization rates and UCS values (Table 5.5).  
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The electric conductivity values of the leachants from the DSLT tests for the K- and 

Na-based geopolymers increased with decreasing calcination temperatures (Figure 

5.10). This result was due to the higher release rate of Na and K ions into the leachant, 

which resulted in higher values of electric conductivity for the geopolymers calcinated 

at lower temperatures [213]. The maximum and minimum electric conductivity for the 

K-based geopolymers were 1468 (200 °C) and 300 (850 °C) uS/cm, respectively. 

The results of the DSLT tests revealed that the cumulative concentrations of released 

heavy metals and trace elements into the leachant solution during the DSLT tests were 

influenced by the geopolymer calcination temperature and pH of the leachant. 

According to Table 5.10 the concentration of all the released elements reduced by 

increasing the calcination temperature. The cumulative released concentrations of the 

elements, including Cd, Ni, Pb, and Sb, from the K-based geopolymer surface and of 

Cd, Co, Mg, Ni, Pb and Sb for the Na-based geopolymers, reduced constantly with the 

increase in the calcination temperature, to a point where no ions of concern were 

detected (750 and 850 °C). The same pattern was observed for other elements, with a 

reduction up to 96% for the cumulative released concentrations from the surface unit 

of the geopolymers. This observation may be explained by two factors. First, as 

described earlier, a more complete degree of geopolymerization occurred at higher 

calcination temperatures for both the Na- and K-based geopolymers. As a result, trace 

elements had stronger bonds with the structure of the geopolymer, which led to lower 

rates of release into the leachant [214]. Second, as described earlier, the pH of the 

leachant in contact with the geopolymers calcinated at lower temperatures were higher 

than that of the geopolymers calcinated at lower temperatures. The high pH may have 

increased the mobility of the metals, [215,216] and the trace elements, which resulted 

in higher rates of release into the leachant during the DSLT tests.  

Overall, the DSLT leaching test results revealed that the cumulative release of heavy 

metals and trace elements, including As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, 
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Mo, Na, Ni, Pb, Sb, Se, Si, Tl, V, and Zn, from the Na-based and K-based geopolymers 

under investigation in the present study were in the same range as other reported studies 

on geopolymer mortars and cement-based materials [217]. Moreover, the cumulative 

release of elements per unit surface of the geopolymers were lower than thresholds of 

the EU Water Framework Directive (The Water Framework Directive 2000/60/EC). 

From a mechanical point of view, every sample, regardless of calcination condition and 

liquid type, showed compressive strength above 30 MPa. This could be comparable to 

the strengths obtained for ordinary concrete mixtures used in the construction sector. 

However, calcination temperatures below 750 °C showed excess leaching of alkali 

cations. Moreover, new mineral phases were only observable for calcination 

temperatures of 750 and 850 °C. Thus, the optimum calcination temperature was 

selected as 750 °C for all liquid types satisfying mineralogical, mechanical, and 

environmental criteria. The optimum amount of silt was selected as 53 and 59.5% (total 

solid part) for the Na and K1 samples, respectively. However, more than 81.6% silt 

could be added to the samples produced with K2 liquid, which had the lowest viscosity. 

Recycling as much silt as possible could be environmentally friendly and could provide 

a circular economy for S.A.P.A.B.A.  

To sum up, calcination of silt appears to be a promising option for increasing the final 

strength of the sample, allowing the reuse of the aggregate production by-product, silt.  

5.5 Conclusions 

The current study investigated the feasibility of using thermally treated waste silt 

obtained from S.A.P.A.B.A. as filler in geopolymer cement production. The data 

obtained from XRD indicated a presence of 43.5% and 12.5% of SiO2 and Al2O3, 

respectively. However, the mineralogical data indicated a high crystallinity rate of the 

silt, which was composed of minerals including quartz, calcite, phyllosilicates with 

characteristic interplanar distances associable with chlorite, kaolinite/serpentine, 
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illite/mica, feldspar such as albite and K-feldspar, and traces of dolomite. Therefore, 

various thermal treatment conditions were applied, and their effect on the final strength 

of the samples were studied. Leaching tests were conducted to further study the 

behavior of the calcined silt.  

Based on the presented results, the following conclusions can be drawn: 

• Overall, higher calcination temperatures led to higher compressive strength 

values. 

• Low calcination temperatures (<250 °C) did not change the mineral 

compositions of the calcined silt. 

• Phase change occurred at higher calcination temperatures, leading to the 

dehydroxylation of the chlorite at 550 °C and the complete loss of calcite 

(T > 750 °C). 

• DSLT leaching test results showed that increasing the calcination 

temperature of the K- and Na-based geopolymers resulted in the lower 

cumulative leaching of heavy metals and trace elements. 

• The concentrations of the released elements from the geopolymer 

specimens were in the same range as cement-based materials and were 

lower than those of the EU Water Framework Directive thresholds. 

• An excess amount of filler could decrease the compressive strength of the 

final mixture.  

• The optimum amount of silt was selected as 53 and 59.5% of the total solid 

part for the Na and K1 liquids, respectively.  

• The K2 liquid had the lowest viscosity compared to the other liquids, 

allowing the addition of more than 81.6% of silt into geopolymer cement 

samples. 

• The optimum calcination temperature was selected as 750 °C for all liquid 

types, satisfying mechanical, mineralogical, and environmental criteria. 
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Chapter 6: Mechanical, thermal and microstructure 

properties of silt-based geopolymer paving blocks 

6.1 Introduction 

Sustainability has turned into a fundamental element in scientific research. The 12th 

objective of the sustainable development goals, “responsible consumption and 

production”, proposed by the United Nations focuses on consumption and production 

patterns that consider and ensure sustainability. Engineers have tackled this challenge 

from various perspectives and have provided sustainable solutions. For instance, waste 

management is just one of the several approaches toward a sustainable future. 

However, recycling becomes more challenging when the material in question is 

difficult to treat and handle. Silt and clayey materials are good examples of such 

materials. 

Silt and clay materials could be obtained in the form of sediments from the silting of 

harbors, rivers and reservoirs. The construction sector has made efforts to recycle the 

high volume of silt and clay in several applications such as paving blocks. For instance, 

12.5% of natural sand was substituted with dredged marine sediments in a successful 

attempt of producing recycled paving blocks. Substitution of a higher amount of waste 

material was reported to produce very low Tensile Splitting Strength (T) results and 

demanded higher water dosages during mixing [218]. The contaminated 

sedimentations from a dredged harbor were innovatively transformed into paving 

blocks through the application of CO2 curing [219]. The curing allowed for the 

densification of the samples leading to the improved compressive strength of the 

samples by 2.8 times.    
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The aggregate production sector also produces high volumes of waste mineral fillers, 

which could benefit from innovative and sustainable waste management techniques. 

Waste silt is a by-product of the aggregate washing process during limestone 

production. The materials are stored in sedimentation lakes adjacent to aggregate 

quarries. In general, limestone is collected from quarries or riverbeds. However, the 

by-product/waste silt could have variations in terms of mineralogy, chemistry and 

reactivity and could behave differently when used in any application. Thus, a full 

understanding of the raw material is essential before its application [166]. 

Various approaches have been undertaken for recycling waste mineral fillers and by-

products which have been fully reviewed by [220–223]. Among the many available 

methods, recycling waste by-products into geopolymer binder and concrete has also 

proven to be sustainable [21]. The term geopolymer is used by scientists to describe 

the products of the reaction of a solid rich in aluminosilicate with an aqueous alkali 

hydroxide/ silicate solutions [14]. For instance, a fine powder was partially replaced 

with fly ash at different levels to produce geopolymer mortars [224]. Various 

mechanical and durability tests were conducted on the geopolymer mortars and it was 

indicated that the substitution of 30% fly ash proved to enhance the mechanical 

properties of the final product. In a separate study, recycled aggregates were included 

in a fly ash geopolymer mixture [225]. The authors proposed that the addition of such 

aggregates to geopolymer mixture reduced its physical and mechanical properties. 

However, the mechanical properties of the fly ash geopolymer improved when ground 

granulated blast furnace slag (GGBFS) was added to the mixture. Various waste 

materials could be recycled into geopolymer mixtures and it is not limited to fine 

powders. For instance, recycled bricks [226], unseparated construction and demolition 

waste [227], recycled waste tires [228], waste cathode ray tube glass [229] and basalt 

fibers [230] are only some of the many approaches used by researchers to tackle waste 

management. 
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Among the mentioned methods, various attempts have been made for producing 

geopolymer based paving blocks containing waste materials and fillers. For instance, 

obtained clayey sediments and water potabilization sludge were used to produce an 

optimized geopolymer cement taking into account different calcination conditions, mix 

design parameters and curing conditions [166]. The geopolymer cement was then used 

to produce eco-friendly precast elements including paving blocks. Chemical analysis 

and mechanical performance of the geopolymer paving blocks proved the feasibility of 

using the sedimented clayey materials to produce precast building material. 

In addition to paving applications, geopolymer cement has been used to produce 

masonry building blocks. For instance, red mud and granulated blast furnace slag were 

mixed to form building blocks [231]. The sand was partially substituted with the slag 

increasing the compressive strength of the final material. The addition of 30 % red mud 

was proposed to be the optimum content providing adequate strength and stiffness. The 

authors also indicated that the mixtures containing cement mortar and geopolymer 

showed better performance than mixtures produced only with geopolymers. 

Fire and heat resistance of building elements could be an exceptional characteristic, 

which could extend the structure's service life during fires. Geopolymers were first 

introduced by Joseph Davidovits in the early 1970s, where his primary aim was to 

produce nonflammable and noncombustible plastics [14]. Some geopolymer binder 

and cement mixtures are capable of strength gain when exposed to extreme heat, which 

could be beneficial for building fire/heat resistant structures. The strength gain of 

different geopolymer mixtures has been evaluated. The results indicated that mixtures 

having fly ash as precursors could benefit from strength gain when exposed to extreme 

temperatures [232,233]. An extensive review of bricks made of waste material could 

be found in [234]. 

Metakaolin was partially substituted with powdered clay bricks in an attempt to 

produce green geopolymer bricks [235]. Moreover, waste plastic and crushed clay 
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bricks were used as the aggregates. The mixtures showed a moisture absorption 

between 3.66 to 5.32%. The authors concluded that the paving bricks could be used in 

a wide range of applications including in harsh environments.   

The recycling of waste mineral fillers into geopolymer paving blocks has been shown 

to be successful. However, the application of waste silt into geopolymer materials is 

scarce. The current study aims to investigate the feasibility of recycling waste silt 

obtained from a local aggregate/asphalt production company (Bologna, Italy) in 

geopolymer paving blocks.  

6.2 Materials 

The aggregates including silt, sand (0-4 mm) and gravel (4-8 mm) were provided by 

S.A.P.A.B.A. The detailed properties of the raw material are presented in section 1.3. 

Moreover, the silt was thermally treated at 750 °C for 2 hours [47]. The calcined silt 

was used as a filler for geopolymer brick production. The raw and calcined silt are 

shown in Figure 6.1. 

 

Figure 6.1. Silt sedimentation lakes at S.A.P.A.B.A., Italy.  
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6.3 Experimental program 

6.3.1 Geopolymer cement 

The geopolymer cement was produced by mixing metakaolin with an alkaline solution 

composed of potassium silicate (PS) (MR=3.0) and 99.8% pure NaOH (SH) pellets 

(Thermo Fisher). The mixture had a mk/silt of 0.3 and a liquid/solid of 0.6. To ensure 

adequate fluidity of the mixture, the H2O/(Na,K)2O was set to 23.57. 

After sample preparation, the materials were poured into 4x4 cm cubic molds, covered 

with plastic lids to prevent water evaporation and stored at room temperature for 1 day. 

The samples were demolded the following day and were further cured at room 

temperature for 28 days. The fully cured samples were tested for compressive strength 

using a hydraulic press. A total of 3 cubic samples were tested for the unconfined 

compressive strength (UCS) at ambient temperature. To evaluate the heat resistance of 

the geopolymer cement at high temperature, three additional cubic samples were 

produced and cured similarly. The samples were then exposed to extreme heat (1000 

°) in a static furnace for 2 hours and tested for UCS. 

Thermal analysis (TA) is related to a set of methods, which investigate the properties 

of materials exposed to high temperatures. For this study, a Simultaneous 

Thermogravimetry and Differential Thermal Analysis (TGA/DTA) was conducted for 

temperatures between 0 to 1000 °C. The decomposition and mass loss were studied by 

the Thermogravimetric Analysis (TGA), while the nature of the reactions 

(endo/exothermic) and possible phase changes were determined by the Differential 

Thermal Analysis (DTA). The UCS and TGA/DTA on the geopolymer cement samples 

could identify potential strength or flaws of geopolymer bricks at high temperatures. 

This is beneficial since the final paving blocks could be used for pedestrian pathways 

of galleries, where an understanding of material’s behavior at high temperatures (i.e., 

fire) is essential.  
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 The microstructure of the geopolymer cement was studied using Scanning Electron 

Microscopy (SEM) imaging.  

6.3.2 Geopolymer brick  

The geopolymer cement was mixed with limestone aggregates to produce the 

experimental geopolymer paving blocks. Figure 6.2 shows the aggregate gradation 

curve used for the current study [43]. Moreover, the geopolymer cement to aggregate 

ratio was set to 0.40, providing suitable workability of the mixture during molding. The 

mixtures were poured in special plastic molds (20x10x6 cm) and vibrated to release 

any trapped air bubbles. The molds were covered and cured at room temperatures for 

five days. The samples were then oven cured for 48 hours at 60 °C. A final room 

temperature curing for 28 days were applied. The final product is shown in Figure 6.3. 

A total of 9 geopolymer blocks were produced and the samples were classified based 

on EN 1338 standard, which specifically characterizes concrete paving blocks. 

Consequently, the following tests were conducted on the experimental samples: 

• Shape and dimensions 

• Weathering resistance in terms of water absorption 

• Tensile splitting strength (T) 

• Abrasion resistance 

• Slip/skid resistance 
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Figure 6.2. Aggregate gradation curve used to produce experimental paving blocks 

 

Figure 6.3. Geopolymer bricks containing waste silt 

6.4 Results and Discussion 

6.4.1 Geopolymer cement 

Two sets of identical geopolymer cement mixtures were produced and cured for 28 

days at room temperature. In addition to room temperature curing, one set was placed 

in a static furnace and was further cured at 1000 °C for 2 hours, whereas the other set 

underwent no additional curing. Figure 6.4 illustrates the specimens, where the sample 

cured at 1000 °C is denoted as “A”. Clear signs of macro cracks and pores was 

observable for sample A showing the aftereffects of extreme heat exposure. The surface 
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of the heated sample was rougher, and brittle compared to the one of the control 

samples. 

 

Figure 6.4. Geopolymer cement specimens. The designated sample (A) underwent 

thermal exposure of 1000 °C for 2 hours.   

6.4.1.1 Geopolymer cement Unconfined Compressive Strength 

The UCS results of the geopolymer cement cubes returned an average value of 40.41 

MPa for the control sample cured at room temperature (25 °C). However, curing the 

sample for 2 hours at 1000 °C resulted in an approximate loss of 36 % (14.6 MPa) in 

terms of compressive strength. The exposure of geopolymer samples to elevated 

temperatures could lead to loss or gain of compressive strength. The former could be 

due to thermal incompatibility of the material, whereas the latter generally occurs for 

a further geopolymerization or sintering of unreacted precursors [232]. The drop of the 

silt-based geopolymer cement strength after extreme heating could be related to 

mineralogy of the waste silt, which has shown to be partially reactive [47,48]. Thus, 

unlike fly ash-based geopolymer cements, the unreacted silt particles could not benefit 

from the strength gain during exposure to elevated heating [233]. Nevertheless, the 

strength loss of the geopolymer cement at 1000 °C was within the limits (<60%) 

suggested by Davidovits [14].  
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6.4.1.2 Thermal Analysis (TA) of geopolymer cement 

The thermal properties of the geopolymer cement were further evaluated through 

thermogravimetric analysis. The changes in mass, DTG and DTA are shown in Figure 

6.5. The total mass loss (%) for the geopolymer cement recorded at 1000 °C was 18.3%, 

which is higher than the proposed values (<5% @1000 °C) for a thermally stable 

geopolymer. However, the 36% loss of compressive strength was about half of the 

assumed value of <60% (at 1000 °C) indicating acceptable strength values [14]. The 

loss of about 2% of total mass is observable between 20-100 °C which is associated 

with loss of physically bonded water. The dehydration process produces pores and 

cracks on the surface of the geopolymer and is also responsible for its shrinkage. The 

endothermic peak of the TDA and DTG curve also indicate the loss of chemically 

bonded water (zeolite water), which occurs at temperatures ranging from 100-300 °C 

depending on the heating setup and rate of the experiment. Temperatures above 300 °C 

will result in the dihydroxylation of different OH groups available within the 

geopolymer mixture [14]. The sharp endothermic peak indicated by the DTA graph 

(650-750 °C) indicates a phase change, which could be related to collapse of calcite 

and formation of new mineral phases. As discussed in our previous work [47], these 

phases could be a wollastonite-type (CaSiO3) new phase, a diopside-like 

(CaMgSiO2O6) phase and/or a mineral in the Åkermanite (Ca2MgSi2O7)–gehlenite 

(Ca2Al(SiAl)O7) solid solution. 
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Figure 6.5. TGA/DTA graphs for geopolymer cement samples  

6.4.1.3 Geopolymer cement Microstructure 

The morphology of silt-based geopolymer cement is demonstrated in Figure 6.6 

through SAM images. The formed geopolymer gels are the product of the reaction of 

MK and waste silt with potassium silicate and sodium hydroxide. The microstructures 

show micropores and microcracks measuring up to 5 µm in length. The curing 

conditions could play a major role on the micropore and microcrack formation within 

the geopolymer cement mixture. The loss of moisture should be avoided since it could 

produce microcracks within the mixture. It is for this reason that curing at controlled 

humidity is suggested [236,237]. Despite the microcracks, the mixtures composition 

seems to be homogenous, suggesting a well-formed geopolymerized network. 

Unidentified particles are observable in Figure 6.6c and Figure 6.6d, which could be 

unreacted MK and/or silt particles. The layered structure of the MK-based geopolymer 
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cement is clearly observable in Figure 6.6d, which is agreeable with other findings 

[238,239]. Improved sample curing conditions through moisture control and vibrations 

could reduce the produced pores, increasing the overall compressive strength of the 

geopolymer cement.       

 

Figure 6.6. SEM images at four different magnifications for geopolymer cement 
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6.4.2 Geopolymer brick 

The geopolymer concrete bricks were produced by mixing the geopolymer cement with 

predetermined proportions of sand and gravel. The bricks were tested according to the 

EN 1338 standard. In the following sections, the results related to the tests specified in 

the standard are presented. 

6.4.2.1 Measurements 

The geometric measurements of the paving blocks were taken based on the EN 1338 

standard. A total of nine blocks were produced, where the measurements of 5 blocks 

were recorded to the nearest millimeter. Table 6.1 shows the measured dimensions, 

deviation, and permissible deviations of 5 geopolymer bricks. The results meet the 

required specifications of the EN 1338 standard suggesting that the geopolymer cement 

does not affect the workability and casting properties of the mixture to produce bricks.  

Table 6.1. Geopolymer paving block average measurements and deviations. 

Measurement Length (mm) Width (mm) Height (mm) 

Geopolymer blocks 200 100 50 

Deviation  ±0.36 ±1.76 ±0.66 

Permissible deviation ±2 ±2 ±3 

6.4.2.2 Water Absorption 

The water absorption approach was selected to determine the weathering resistance of 

the paving blocks. Table 6.2 shows the average values obtained for the water 

absorption.  

Table 6.2. Average water absorption data and limits. 

Paving Block Water Absorption (%) 

Geopolymer block 6.12 

EN 1338  <6% (class 1-Mark B) 

Stnd. Dev. 0.08 
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The water absorption is one of the most important tests required for materials used in 

pedestrian walk paths. The saturation level of paving blocks is directly related to the 

porosity of the material, providing indirect information regarding the air voids content 

of the material. The observed microcracks (Figure 6.6) could also be related to the 

slightly high moisture content of the bricks. However, the moisture absorption may not 

be entirely related to the porosity of the samples. Sing et. al. (2020) suggested that 

portion of water could have reacted with the excess of Na2O or K2O from the alkaline 

solutions resulting in an increase in water absorption [231]. Nevertheless, the reported 

moisture content was within the suggested values. the silt was calcined at 750 °C for 2 

hours prior to use in the geopolymer bricks. A study conducted by Ghani et. al. (2021) 

suggested that calcination of precursors could dramatically reduce the water absorption 

of geopolymer samples [240].   

6.4.2.3 Tensile Splitting Strength 

Table 6.3 presents the tensile splitting strength (T) results for the experimental paving 

blocks. The average value of T and failure load (F) of the blocks were measured as 2.51 

MPa and 235.6 (N/mm), respectively. The standard states that T should not be lower 

than 2.5 MPa in any sample and the overall strength should be higher than 3.6 MPa. 

Ordinary concrete bricks could reach the suggested strength values after 28 days of 

curing. The tensile splitting strength values reported for paving blocks vary according 

to the proportion and type of waste material used [166]. The curing conditions also 

vary from one study to another, making it hard to find a scientific trend through 

comparative studies. However, the obtained T values for the geopolymer paving blocks 

were higher than those reported for the concrete blocks [241]. Nevertheless, both 

specimens have shown potential and could be further optimized and improved prior to 

industrial implementation.   

Applying pressure during molding of the samples will most likely increase the final 

strength of the samples. Moreover, the adopted casting method could be responsible 



Results and Discussion  Solouki. A 

139 

 

for the formation of air voids, suggested by the relatively low mechanical properties. 

The adoption of vibration at high frequencies and pressure during the molding 

procedure could decrease the porosity of the material, improving both properties. 

Table 6.3. Average tensile splitting strength of geopolymer paving blocks after 28 days. 

Paving Block T(MPa) F (N/mm) 

Geopolymer block 2.51 235.6  

EN 1338 limit >3.6 >250 

Stnd. Dev. 0.16 1.04 

 

6.4.2.4 Abrasion Resistance 

The abrasion resistance of the geopolymer paving bricks were determined using the 

wide wheel abrasion test (Figure 6.7). The obtained results are summarized in Table 

6.5. The average of three experimental bricks had an abrasion of 21.97 mm, classifying 

the bricks as Class 3-Mark H based on the 1338 standard. Geopolymer bricks were able 

to outperform previous studied concrete bricks [241] in terms of abrasion resistance 

and were categorized in a higher performance class based on the EN 1338 standard. 

The curing conditions, mix design, and final surface of the paving blocks can directly 

affect the abrasion value [43]. Thus, improved resistance in terms of abrasion could be 

achieved through better curing of the bricks or by the inclusion of various materials 

such as waste rubber [71,72].   

 

Figure 6.7. Wide wheel abrasion test on geopolymer paving blocks. 
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Table 6.4. Abrasion resistance for the geopolymer paving blocks. 

Paving Block Groove Dimension (mm) Classification (EN 1338) 

1 22.11 - 

2 21.95 - 

3 21.84 - 

Average 21.97 Class 3-Mark H 

Stnd. Dev. 0.11  

 

6.4.2.5 Skid Resistance 

Regardless of the design and application, the safety of the users is of most importance. 

The unpolished slip-resistance value (USRV), as indicated in Annex I of the EN 1338 

standard is one of the most important functional characteristics for paving blocks. The 

USRV indicates the suitability of paving blocks’ finishing surface for pedestrians. 

The USRV of three identical paving blocks is shown in Table 6. The geopolymer 

paving blocks did not show a very high skid and slip resistance values. The average 

value was only 45, which was 37.5% lower than those obtained for our previous study 

[241]. However, no limitations or suggestions are given by the EN 1338 standard. The 

USRV values could be enhanced easily by using a mold with rougher surface and 

texture. The used mold had a flat and shiny surface lacking any texture, which led to 

brick surfaces with low skid resistance values.  

Table 6.5. Skid resistance of geopolymer paving blocks. 

Paving Block USRV 

1 45 

2 47 

3 46 

Average 45 

Stnd. Dev. 1 
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6.5 Conclusion 

Geopolymer cement paste was produced, and its mechanical, thermal and 

morphological properties was evaluated. An average of approximately 40 MPa was 

obtained for the 28 days compressive strength of the geopolymer cement. This strength 

dropped by 36% after exposing the cubic samples to 1000 °C for 2 hours. The thermal 

stability, phase change and mass loss of the geopolymer cement was further 

investigated through a simultaneous thermal analysis (TGA/DTA). The mass loss of 

the paste demonstrated the evaporation of physical and zeolite water for temperature 

ranging between 100-250 °C. Moreover, a possible phase change at 750 °C was shown 

by the DTA graphs, which could be related to the collapse of the calcite structure within 

the geopolymer mixture. The SEM images indicated micropores within the mixture, 

which could be related to the mixing and casting process. 

The geopolymer cement was then mixed by coarse and fine aggregates to produce 

geopolymer concrete paving blocks and were tested according to the EN 1338 standard. 

Overall, recycling waste silt into geopolymer bricks demonstrated acceptable 

performance in terms of moisture absorption and abrasion resistance (EN 1338 

standard). The produced prototype of paving blocks showed acceptable performance 

and could be successfully used in the industrial sector. However, further optimizations 

in the production and casting procedure are needed to overcome the limited mechanical 

properties.    
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PART III: ASPHALT PAVEMENTS 

PART III aimed at understanding the effect of adding waste filler on different 

properties of asphalt pavements. Untreated and thermally treated waste silt were added 

as filler to HMA pavement in Chapter 7. The study was extended to recycling waste 

silt into a semi-flexible pavement. A new geopolymer-based grouting material was 

introduced. 

The studies presented in this section have been published as follows: 

1. Waste silt as a filler in hot mix asphalt: a case study (Submitted) 

2. Double-step recycling of thermally treated waste silt in semi-flexible pavements-

preliminary study (Submitted) 
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Chapter 7: Waste silt as a filler in hot mix asphalt: a 

Laboratory characterization 

7.1 Introduction 

The asphalt pavement sector is facing new challenges requiring the improvement of 

pavements performance to meet with the needs of the users and to provide greener 

solution for a sustainable future. Successful attempts have been made to improve both 

the performance of asphalt pavements and their environmental impact through the 

inclusion of waste and recycled materials. 

The literature is rich in positive experimental applications of waste materials added into 

asphalt concretes, enhancing the existing properties of the pavements and providing 

extra capabilities and functionalities [242–246]. For instance, partial substitution of 

mineral aggregates with crumb rubber tire could reduce asphalt layers stiffness 

providing a safer environment for pedestrians [9]. Other approaches require the total 

or partial substitution of Hot Mix Asphalt (HMA) fillers with waste mineral fillers 

[247–251].   

Fillers occupy between 5 to 12% of asphalt mixture and are very fine materials which 

mostly pass sieve sizes 0.063 (EN 13043) or 0.075 (ASTM D242) mm depending on 

the standard used. In contrast to its little amount in a bituminous mixture, its 

contribution on the physical and chemical properties of material is significant. For 

instance, fillers complete and satisfy gradation curves and can alter the strength and 

volumetric properties of mixtures [252]. Fillers could also reduce the optimum binder 

content through increasing asphalt binder volume. Moreover, the resistance of 

pavements against low temperature fatigue cracking and rutting is increased [253,254]. 

The fillers could also influence the thermal sensitivity, aging and thermal performance 
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of the asphalt mixtures [251,255]. Excessive usage of common filler could produce 

several environmental risks such as depletion of natural resources. For this reason, 

finding affordable and sustainable alternatives to replace common fillers in asphalt 

pavements seems necessary. 

Aggregate plants and quarries are providing daily supplies of aggregates to be used in 

civil engineering applications. Keeping up with the annual supply demands of about 

3000 million tons of non-renewable natural aggregates [256], requires non-stop 

extraction and production of raw materials. During this process, various waste powders 

are produced that are of hidden value and could be used as a potential substitute for the 

conventional fillers for construction materials. The type of by-product depends on the 

stone or material being processed and the extraction and production procedures at the 

plants. 

The influence of several waste filler types on different properties of asphalt pavements 

have been reviewed by various authors [246,257,258]. In line with the same trend, the 

effect of clay materials as filler replacements have been studied on pavement 

properties. For example, natural filler was substituted with 15% of bentonite clay [259]. 

The partial substitution led to an increased indirect tensile strength and flow values of 

the HMA mixtures. 

Similarly, bentonite clay was used as a filler in hot mix asphalt samples [260]. 

However, the clay was used in both normal and thermally treated conditions. The clay 

was calcined at different temperatures ranging from 400-800 °C, where the best 

treatment was selected based on Atterberg limits aiming for minimized plasticity and 

swelling of the bentonite clay. Overall, the 100% substitution of the natural filler with 

the thermally treated bentonite clay showed an increase in several mechanical 

properties of HMA. 
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The results from the two different studies shows that thermal treatment of the waste 

filler could result in better performance of HMA mixtures. A similar trend was 

observed when the use of normal kaolin and thermally treated kaolin clay as filler in 

HMA mixture was investigated [261]. Samples produced with 100% thermally treated 

clay showed to have better performance in terms of Marshall stability and Indirect 

Tensile Strength (ITS) compared to those of normal kaolin. 

Unlike previous studies, the use of normal and thermally treated waste silt obtained 

from local aggregate/asphalt production plant located in Bologna (Italy) was 

investigated in the present research. The natural limestone filler was completely 

replaced with the waste fillers. It is worth noting that silt particles can absorb high 

amount of water compared to the limestone filler. Thus, the thermal treatment of the 

silt was carried out in order to eliminate any physically and chemically bonded water 

within its structure allowing it to be more suitable as HMA filler. No literature was 

found on the application of waste silt as filler replacement into HMAs, making it a 

novel and innovative approach towards sustainable pavements.     

7.2 Materials 

Silt was extracted from the sedimentation lakes, oven dried, sieved and crushed to a 

very fine powder (Section 1.3). The silt obtained at this stage is referred to as untreated 

or normal silt. 

In addition to the normal state, the waste silt was thermally treated using a static 

furnace. For this purpose, the silt was calcined at 750 °C for a duration of 2 hours [47]. 

Calcination is the process of heating of materials to high temperatures in the absence 

or limited supply of air. The basic purpose of calcination is to remove the impurities 

and increase the reactivity of compounds. The calcined silt is also referred to as 

thermally treated silt. The untreated and thermally treated silt and a conventional 



Materials  Solouki. A 

146 

 

limestone filler were used as the filler to produce HMA mixtures. The untreated and 

treated silt is shown in Figure 7.1. 

 

Figure 7.1. Untreated (left) and thermally treated (right) silt. 

An X-ray powder diffraction (XRD) (Rigaku, Tokyo, Japan) was used to analyze the 

compounds of the silt indicating the presence of quartz (32%), calcite (28%), 

illite/micas (21%), chlorite (5%) with traces of dolomite and feldspars (Figure 7.2).  

 

Figure 7.2. XRD analysis of waste silt. The sharp peaks indicate a crystalline structure 

for the silt. 
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The aggregates including sand (0-4 mm) and gravel (4-8 mm) were provided by 

S.A.P.A.B.A. A 50/70 normal bitumen binder was used. The rheological properties of 

binder are given in Table 7.1. 

Table 7.1. Rheological Properties of Binder 

Test Unit Value Standard 

Penetration @ 25 ˚C Dmm 50 – 70 EN 1426 

Sofetening Point ˚C 50 EN 1427 

Dynamic Viscosity @ 60 ˚C Pa.s ≥145 EN 12596 

Fraass ˚C -8 EN 12593 

 

7.3 Methodology 

Two different experimental phases were defined for the current study. With the first 

part covering the rheological properties of the mastics, the second part was dedicated 

to the mechanical performance of HMA samples. 

The rheological studies were carried out on the mastics, which was composed of 44% 

bitumen and 56% filler. The aforementioned values were calculated based on the mix 

design of the HMA, considering the 5.5% of bitumen and 7% of filler on the total mass 

of the mixture [77]. Three mastics were prepared following that dosage: the control 

mastic (M-C), the mastic with normal silt (M-SN) and the one with calcined silt (M-

SC). 

An Anton Paar MCR302 Dynamic Shear Rheometer using 8 mm parallel plate settings 

(2 mm gap) was used to study the rheological behavior of the produced mastics. An 

Amplitude Sweep (AS) test was performed to determine the linear viscoelastic (LVE) 

range of the mastics (EN 1477). The samples were tested at a constant frequency of 

1.59 Hz at 10 °C. 

A Frequency Sweep (FS) test was then applied considering the lowest linear 

viscoelastic limit obtained by means of AS test on the three mastics. The FS test allows 

to evaluate the mastics’ behavior and strength under various loading conditions. The 
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samples were tested at different temperature of 10, 20, 30, 40, 50 and 60 °C for 

frequencies ranging between 0.01 and 10 Hz. For each mixture, the complex shear 

modulus (G*) and phase angle (δ) were calculated.  

The permanent deformation of each mastic was determined using Multiple Stress Creep 

Recovery (MSCR) test (ASTM D7405). MSCR tests were performed at 60 °C on 

mastic samples loaded at a constant creep stress for 1 second followed by a zero-stress 

recovery of 9 seconds. The samples underwent shear creep loading and recovery at two 

stress levels, namely 0.1 kPa and 3.2 kPa. Two cycles each having 20 runs at 0.1 kPa 

and 10 runs at 3.2 kPa were performed on the mastics. The non-recoverable creep 

compliance (Jnr) and the percent recovery after the latest ten runs at 0.1 and the ten runs 

at 3.2 kPa were assessed. The Jnr values were determined as the ratio between the 

average non-recoverable strain for 10 creep and recovery cycles, and the applied stress 

for those cycles. On the other hand, the percent recovery was evaluated considering the 

recoverable strain, as the ratio between the average recoverable strain after 10 cycles 

and the applied stress. 

As for the second part of the experimental program, an HMA formed by 38% of sand 

(0-4 mm) and 62% of gravel (4-8 mm) was produced. The control samples had a binder 

content of 5.5% (on total weight of the mixture) and the limestone filler amount was 

set to 7%. For the two experimental HMAs, the normal and calcined silt were used in 

total substitution of the limestone filler. To evaluate the effect of filler type on the 

mechanical properties, HMA samples were prepared according to the Marshall method. 

The aggregates gradation was kept constant for all mixture types. 

The optimum binder content (OBC) of the mixtures containing untreated silt (labelled 

HMA-SN) and thermally treated silt (labelled HMA-SC) were determined (EN 12697-

30). A total of 9 mixtures for each set was produced and the OBC was determined 

based on the highest Marshall stability (EN 12697-34). 
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The mechanical characterization of the samples was conducted on specimens produced 

with the optimum binder content. The air voids content of the Marshall samples was 

calculated based on the EN 12697-8 standard. To study the resistance of the mixtures 

against moisture a total of six samples (for each set) were produced using the Marshall 

method. Three samples were tested with dry conditions (25 °C) and the remaining three 

were tested after being submerged in water at 40 °C for 72 hours. The Indirect Tensile 

Strength (ITS) (EN 12697-23) test was then conducted on the 6 samples. The 

susceptibility of the mixtures to moisture was evaluated by comparing the ITS of wet 

and dry samples based on EN 12697-12. Moreover, all samples were tested in terms of 

Indirect Tensile Stiffness Modulus (ITSM, EN 12697-26 Annex C) at three different 

temperatures of 10, 20 and 30 °C to evaluate the possible change in the thermal 

sensitivity of the mixtures given by the addition of the waste fillers.  

7.4 Results and Discussion 

7.4.1 . Bituminous mastic analysis 

7.4.1.1 . Frequency sweep analysis 

The complex shear modulus and phase angle master curves of the three mastics are 

presented in Figure 7.3. The linear visco-elastic analysis indicated similar behavior for 

M-C and M-SC samples in terms of the complex shear modulus. Thus, samples 

produced with calcined silt provided similar stiffness as the control samples produced 

with limestone filler. The same trend was followed at all frequency ranges. However, 

lower stiffness was observed for M-SN samples, which were produced with normal 

silt.  

The elastic response of the three mastics showed to be similar throughout the range of 

frequencies and/or temperatures. With an increase in temperature and loading (lower 

frequency values), all three mastics showed fully viscous behavior (i.e., the phase angle 

is approx. 90°). At the opposite conditions, the three mastics behaved more like an 
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elastic material. Overall, the addition of the experimental fillers did not alter the 

rheological properties of the tested mastics and its trend. On the other hand, the addition 

of normal silt leads to a general reduction of the complex shear modulus if compared 

to the control mastic. According to the XRD analysis of section 5.3.1, the calcination 

of silt led to a complete collapse of calcite (CaCO3) peaks. The calcination of calcite at 

high temperatures, decomposes the material into CaO and carbon dioxide (gas form) 

[262]. Thus, calcined silt has more CaO compared to untreated silt, which could explain 

the better behavior of the M-SC mastic compared to M-C.  
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Figure 7.3. Complex modulus and phase angle master curves for all mastic samples 



Results and Discussion  Solouki. A 

151 

 

7.4.1.2 . Multiple stress creep recovery 

The accumulated strain obtained from the MSCR test at 60 °C is shown in Figure 7.4. 

The addition of untreated silt to the mixture resulted in an important increase in the 

accumulated strain, when compared to M-C and M-SC. However, the samples 

produced with thermally treated silt as filler (M-SC) had the lowest values for 

accumulated strain and performed slightly better than the control sample (M-C). The 

rate of change in strain values starts to increase when the 3.2 kPa loading was applied 

after the 20th cycle and significantly increases after the 200th second. 

The resistance of binders to permeant deformation (rutting) could be studied through 

the Jnr parameter. Higher susceptibility towards permanent deformation is related to 

higher Jnr values. The reported Jnr value for M-SN was the lowest compared to the 

remaining samples. The inclusion of untreated silt increased the Jnr parameter by 1.54 

times. However, thermally treated silt showed an improved performance in terms of 

rutting and reduced the non-recoverable creep compliance by 9.54% compared to the 

M-C mastic.        

The average values of the percent recovery and Jnr of the three mastics are reported in 

Table 7.2. The average values of the percent recovery of all samples, regardless of filler 

type and stress level, were close to zero, while the Jnr was greater than zero for all 

mastics. This is an indication of viscous behavior of the mastics at high temperature. 

The percent recovery and the Jnr values confirmed the rheological data collected during 

the FS test. Moreover, the mastic produced with the thermally treated silt behaved 

similarly to the mastic with standard limestone filler. 
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Figure 7.4. MSCR test at 60 °C for all mastic samples  

Table 7.2. Average recoverable strain and non-recoverable compliance at 3.2 kPa.  

Sample Percent recovery (%) Jnr (%) 

M-C 0 6.015 

M-SC 0 5.438 

M-SN 0 9.267 

 

7.4.2 Hot Mix Asphalt Results 

7.4.2.1 Optimum binder content and air voids 

The control mix design (HMA-C) obtained from previous analysis had an OBC of 5.5% 

on the mass of aggregates. However, the samples produced with untreated (HMA-SN) 

or calcined silt (HMA-SC) could require a different amount of binder, considering the 

possible different absorption properties of the powders. Thus, the optimum binder 

content of the experimental HMAs was calculated.  
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For each mixture, three different binder content of 5.0, 5.5 and 6.0% were selected 

resulting in 9 Marshall samples for each HMA. The samples were produced according 

to the EN 12697-34 standard applying 75 blows to each side during sample compaction. 

Samples were immersed in water for 30 minutes at 60 °C and were tested for the 

Marshall stability test. The average data for the Marshall stability and air voids content 

(Va, EN 12697-8) are summarized in Table 7.3 and presented in Figure 7.5. 

Table 7.3. Marshall stability and air voids content for HMA mixtures 

Sample Binder (%) Stability (KN) Va (%) * Avg. Va (%) 

HMA-C 5.5 17.20 3.27 3.27 

HMA-SN1 5 11.53 4.03 

3.91 HMA-SN2 5.5 13.25 3.89 

HMA-SN3 6 11.67 3.81 

HMA-SC1 5 12.99 3.76 

3.87 HMA-SC2 5.5 16.68 3.91 

HMA-SC3 6 15.27 3.93 

 

 

Figure 7.5. Marshall stability for HMA samples. 
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The maximum Marshall stability of 17.20 kN was reported for the control sample 

(HMA-C). The mixtures produced with thermally treated silt followed closely showing 

a maximum stability equal to 16.68 kN. The lowest Marshall stability value was 

obtained when untreated silt was used as filler in the mixtures. The performance of 

calcined silt was better in terms of stability when compared to the untreated silt. A 

similar trend was observed when thermally treated and untreated bentonite clays were 

used as filler in HMA mixtures [260]. However, the returned value for the optimum 

binder content was 5.5% for both mixtures. Thus, the substitution of the limestone filler 

with untreated or calcined silt did not affect the optimum binder content value. 

Moreover, the reported stability values were higher than the 11 kN suggest by the 

Italian technical specifications for this type of bituminous mixture.   

The air voids content calculated for samples produced with optimum binder content is 

also shown in Table 7.3. The highest compaction rate was related to the control sample. 

The addition of waste silt to asphalt mixtures increased the air voids content regardless 

of the type of silt used. However, all values were within the range of 3 - 4.5% suggested 

by the Italian technical specifications taken as a reference.  

7.4.2.2 Indirect Tensile Strength  

The mechanical properties of the mixtures were further investigated by the means of 

the Indirect Tensile Strength (ITS) in compliance with the EN 12697-23 standard. For 

each set of mixture, 3 sets of samples were prepared with the Marshall compactor (75 

blows each side). Prior to testing, each specimen was conditioned at 25 °C for 4 hours. 

The average ITS for each mixture is shown in Figure 7.6. 

The results of the one-way ANOVA indicated no significant difference (p = 0.4598) 

between the control, HMA-SN and HMA-SC mixtures. Thus, the inclusion of untreated 

or thermally treated to asphalt mixtures does not affect the mechanical properties of the 

bituminous mixture. Overall, all the three mixtures showed values higher than 0.7 MPa 
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suggested by the Italian technical specifications as threshold value for this type of 

mixture.    

 

Figure 7.6. Average Indirect Tensile Strength of HMA mixtures at 25 °C. 

7.4.2.3 . Indirect Tensile Strength Ratio 

The Indirect Tensile Strength Ratio (ITSR) measures the loss of strength due to the 

damage caused by moisture. For this purpose, a total of 3 samples was prepared for 

each set according to the Marshall method. The samples were kept in a water bath at 

40 °C for a duration of 72 hours (EN 12697-12). The ITSR is the ratio of the indirect 

tensile strength of wet (water conditioned) specimens to that of dry specimens, 

expressed in percent (Figure 7.7).   
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Figure 7.7. Indirect tensile strength ratio for HMA mixtures. 

The lowest indirect tensile strength ratio of 85% was recorded for the HMA-SN 

mixture. The inclusion of untreated silt led to an increase in water sensitivity of the 

mixtures. This could be related to the natural behavior of silt and clay particles, which 

have higher water absorption rates than of limestone filler. However, thermal treatment 

of waste silt at 750 °C had shown to be effective in reducing the moisture susceptibility 

of the mixtures and increased by 5.0%. The best performance in terms of ITSR was 

reported for the control sample not containing any waste samples. The Italian 

specifications suggests that the ITSR values should be greater than 75%. 

7.4.2.4 Indirect Tensile Stiffness Modulus 

The ITSM values for the asphalt mixtures are shown in Figure 7.8. Each sample was 

tested at three different temperatures of 10, 20 and 30 °C. Overall, the control samples 

showed the highest modulus for all the tested temperatures. The lowest values were 

obtained for samples produced with normal silt. One-way ANOVA was conducted to 

further investigate the effect of mixture type on the final ITSM value. No significant 

difference (p = 0.1321) was observed for the ITSM values of different samples 
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measured at 10 °C. Thus, regardless of filler used, all HMAs performed similarly at 

low temperature. On the other hand, a significant difference (p= 0.00005) was observed 

for samples tested at 20 °C. The addition of silt reduces the stiffness of the mixture, 

with a minor effect if the calcined silt is used. Finally, mixtures made with calcined silt 

and normal filler showed similar performance in terms of ITSM at 30 °C. All in all, 

although the substitution of limestone filler with waste silt showed a detrimental effect 

in terms of stiffness, the ITSM values for the experimental mixtures were considerably 

high considering that a neat bitumen was used for the mixture. 

 

Figure 7.8. ITSM for HMA mixtures 

7.5 Conclusion 

Untreated and thermally treated waste silt from local aggregate production plant were 

used as a replacement for convenient limestone filler for the production of HMAs. The 

evaluation of the effects given by the adoption of the waste fillers was studied in a two-

stage laboratory analysis, studying the binder-filler interaction and the HMA physical 

and mechanical properties.  

13362
12626 12944

9081

7688
8517

5396
4859 5290

0

2000

4000

6000

8000

10000

12000

14000

16000

HMA-C HMA-SN HMA-SC

IT
SM

 (
M

P
a)

Mixture type

10 °C 20 °C 30 °C



Conclusion  Solouki. A 

158 

 

The following conclusion could be drawn from the results here presented: 

• The addition of thermally treated silt had no significant effect on the 

rheological properties of the mastic in terms of complex modulus and 

phase angle. On the other hand, the untreated silt demonstrated a 

detrimental effect for these rheological properties. 

• In terms of rutting performance, thermally treated silt had the highest 

resistance against permanent deformation. This was observable in lower 

accumulated strain and lower non-recoverable compliance values. 

Untreated silt showed the lowest resistance against rutting.   

• The replacement of limestone filler with waste silt did not alter the 

optimum binder content of the mixture as well as the porosity of the 

produced samples. Thus, the presence of waste silt does not negatively 

affect the workability and compactability properties of the bituminous 

mixture. 

• The inclusion of untreated silt as filler resulted in a reduction in the ITS 

values. On the contrary, thermally treated silt demonstrated similar 

performance to the control sample. The same trend was recorded for the 

water susceptibility of the mixtures.  

• The ITSM results were in line with the static mechanical characterization: a 

slight reduction in stiffness was recorded for the HMA-SC mixture, while a 

clear drop in ITSM values occurred when untreated silt was adopted. 

However, the thermal sensitivity of the mixture was not influenced by the 

substitution of limestone filler with waste powders. 

Based on the presented preliminary results, the use of waste silt as filler could be a 

potential solution towards a sustainable and eco-friendly HMAs. Silt calcination 

proved to be beneficial since it reduces the influence of the waste material on the 

rheological and mechanical properties of the bituminous mixture. A partial substitution 

of limestone filler instead of the current total replacement could possibly provide better 

mechanical performance. Further studies are needed to back up this assumption. 
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Chapter 8: Thermally treated waste silt as 

geopolymer grouting material and filler for semi-

flexible pavements 

8.1 Introduction 

The non-stop growth in infrastructures construction and their developments could 

drastically affect the worldwide supply of natural aggregates. The aggregate production 

plants annually produce about 3000 million tons of non-renewable natural aggregates 

[1]. With that, different types of waste materials and by-products are produced which 

could potentially be of a high value. However, due to a lack of recycling strategies, 

waste by-products have been stockpiled and landfilled giving rise to potential 

environmental and safety issues. To sustainably prevent the future shortage of natural 

aggregates and resolve the issues related to waste landfilling, various researchers have 

promoted the recycling of by-products into asphalt pavements.  

Semi-flexible pavements (SFP) inherit the flexibility of common asphalt pavement and 

simultaneously benefit from the rigidity of cement concrete pavements. The SFP has a 

porous skeleton with high air voids content of 25 to 30%. The voids are filled a with 

special cementitious grouting material. Improved rutting resistance, durability, skid 

resistance and driving comfort are merely some of the benefits of semi-flexible 

pavements which have been pointed out by several studies [263]. However, similar to 

any other cementitious materials, the SFPs have a higher carbon dioxide footprint when 

compared to traditional bituminous pavements. Sustainable solutions such as the use 

of geopolymer-based binders as the grouting solution in SFP could reduce the carbon 

dioxide footprint of the final product. 
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Geopolymer network is formed when highly reactive precursors such as metakaolin 

(MK) are mixed with alkaline-based liquid hardeners such as potassium/sodium 

silicates. The precursors must be rich in aluminum and silicates to produce a strong 

enough 3D polymer network [238]. 

To maximize the environmental sustainability of the final product, several 

experimental applications have been tested trying to couple the use of geopolymers 

from recycled precursors and waste or second-hand materials as constituents for low 

impact construction materials. 

Reclaimed asphalt pavement (RAP) and geopolymer-based grouts were used to 

produce semi-flexible asphalt pavements that would not require heating or mechanical 

compaction energy [264]. Different geopolymer-based grouts combinations consisting 

of fly ash, ground granulated blast furnace slag, silica fume, and metakaolin were 

produced and were used to grout porous asphalts made with RAP with varying air void 

content. The results suggested that grouts with high flowability and strength combined 

with low RAP content demonstrated the best results. 

A mixture of slag, fly ash, sodium silicate and sodium hydroxide was milled for 2 hours 

and were mixed with water to produce mechanochemical activated geopolymer gout 

[265]. Different fly ash to slag ratios and molarities of sodium hydroxide solutions were 

produced and the data were compared with conventional geopolymer cement grouts. 

The data revealed that the mechanical properties such as the compressive strength and 

ultrasonic pulse velocity of the mechanochemically grout samples were higher than 

those of the control mixture.   

A waste mud from Panasqueira (Portugal) Tungsten mine was used to produce different 

geopolymer-based grouts [266]. In addition, various cement-based grouting materials 

were produced. The mechanical properties of the final semi-flexible pavements 

indicated a better performance for cement-grouted asphalt pavements. The authors 
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stated that the curing conditions of the geopolymer grouts need to be further studied. 

Nonetheless, geopolymer grouted materials containing waste tungsten mud 

demonstrated valuable potential for being used as a grouting material. Several 

experimental applications of geopolymer for SFPs verified that the mix design phase 

of the grouting material is fundamental for the performance of the final material. The 

application of statistical modeling such as response surface methodology (RSM) could 

be beneficial [267]. The study successfully optimized the grouting formula based on 

various response outputs including fluidity, dry-shrinkage ratio and compressive 

strength after 7 days of curing and compressive strength after 28 days. 

The feasibility of using geopolymer-based grouts in SFPs has been investigated by 

various researchers. However, the data on geopolymer grouts containing waste mineral 

fillers is very rare. This paper aims at double-recycling waste silt obtained from a local 

aggregates production plant in Bologna, Italy. The waste silt was thermally treated and 

then used as a filler in the open-graded asphalt skeleton of the SFP. As of many 

available options, replacing the filler in asphalt pavement with waste mineral powders 

has gained attention [268–270].   

In an asphalt pavement, the filler is referred to the fine particle that passes the 0.063 

mm sieve and generally makes up about 5 to 10 percent of the total asphalt pavement. 

The dispersion of filler in asphalt binder produces the asphalt mastic which is 

responsible for bonding the aggregates together providing a strong load-bearing 

structure [271,272]. Fillers could also decrease the optimum binder content, increase 

pavement performance at lower temperatures, influence the thermal sensitivity and so 

the performance of the mixtures [251,253–255]. Furthermore, the calcined silt was also 

used as filler to produce the geopolymer-based grouting material. No literature was 

found on the double use of waste silt as filler for the asphalt concrete skeleton and for 

the geopolymer grouting material for SFPs, making the current study a novel and 

innovative approach toward sustainable pavements. 
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8.2 Materials 

8.2.1  untreated and thermally treated silt 

The waste silt used for the current study was obtained from S.A.P.A.B.A. Material 

passing sieve 0.063 mm were used as the filler for producing porous asphalt mixtures. 

According to the data presented in section 1.3, the silt had adequate amount of SiO2 

and Al2O3 making it a potential option to be used as filler in geopolymer grout 

production. However, primary results indicated low reactivity of the raw silt [47]. For 

this purpose, the silt was calcined using a static furnace. A constant temperature of 750 

°C was applied to the raw silt for 2 hours. As a result, the reactivity of the silt was 

increased and was more suitable to be used as the filler in geopolymer cement grout 

production. The calcined silt is also referred to as thermally treated silt. Similar to 

section 7.2, the thermally treated silt and a conventional limestone filler were used as 

the filler to produce porous asphalt mixtures.  

8.2.2 Grouting material 

Two different types of grouts were used. A cement-based grout was obtained from local 

company in Bologna, Italy. This grouting material was used as the control sample. The 

second type of grout was produced from a geopolymer-based cement. For this purpose, 

an alkali solution consisting of potassium silicate (MR = 3.0) and sodium hydroxide 

(98% purity, 8M, Thermofisher) and water was produced. The alkali solution was 

prepared 24 hours prior to mixing with precursors and waste filler. The liquid part was 

mixed with an industrial metakaolin and mixing was continued for 5 minutes. This 

allowed the metakaolin to mix with the liquid and produce a homogeneous mixture. 

The last stage continued by adding the thermally treated silt to the mixture as the filler. 

The mixing was continued for an additional 5 minutes. 
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8.2.3 Aggregates, bitumen and cellulose fiber  

The aggregates including sand (0-4 mm) and gravel (4-8 mm) were provided by 

S.A.P.A.B.A. The sand had bulk density (g/cm3) (UNI 1097-6), sand equivalent (uni 

933-8) and harmful fines (gMB/KG) (UNI 933-9) of 2.658, 90 and 0.5, respectively. 

The bulk density of gravel was 2.667 (g/cm3). Conventional basalt cellulose fiber was 

used to produce porous asphalt samples. In addition to thermally treated silt, common 

limestone filler was used as the filler of the control samples. A PmB 25/55 modified 

bitumen was used as binder for the asphalt concretes. The rheological properties of the 

bitumen are given in Table 8.1. 

Table 8.1. Rheological Properties of PmB 25/55 bitumen.  

Test Unit Value Standard 

Penetration @ 25 ˚C Dmm 25-55 EN 1426 

Sofetening Point ˚C 70 EN 1427 

Dynamic Viscosity @ 

160 ˚C 

Pa.s 0.4 - 0.7 EN 12596 

Flash point ˚C 250 EN ISO 

2595 

The same type of aggregates, basalt fiber and modified bitumen was used for both gap-

graded asphalt mixtures. The only change for the experimental mixture was the total 

substitution of limestone filler with the calcined silt.  

8.3 Experimental program 

The experimental plan was divided into two sections. The first part investigated and 

verified the use of calcined silt as filler in porous asphalt, whereas the second section 

compared the mechanical properties of the different grouted asphalt concretes. In 

summary, two different types of mixtures were produced. The first batch used calcined 

silt as the filler and were grouted with a geopolymer binder. The second batch was used 

as the control and were produced with the company’s limestone filler and cement-based 

grout. 
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8.3.1  Gap-graded asphalt mix design 

A specific mix design for gap-graded asphalt was adopted based on the aggregates 

available. Some preliminary tests verified the optimum binder content for the 

experimental mixture with waste calcined silt, which was found unchanged if 

compared to the reference asphalt concrete with limestone filler. The details of the mix 

design are shown in Table 8.2. The aggregate gradation curve is shown in Figure 8.1. 

Table 8.2. Porous asphalt mixture proportions 

Test Amount (%) 

Optimum binder content 4.2 

Aggregate  90.67 

filler 4.78 

 

Figure 8.1. Porous asphalt gradation curve. 

Two different mixtures were prepared based on the details mentioned in Table 8.2. The 
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The porous asphalt samples were produced using a gyratory compactor (EN 12697-

31). The internal angle of the compactor was set to 1.250 °C and a 600 KPa load was 

applied. Samples with a diameter of 100 mm were produced at 50 and 130 cycles 

applying a speed of 30 RPM. 

The air voids content was calculated based on the EN 12697-8 standard. The air void 

content was suggested to be between 25 to 30% providing adequate interconnected 

pores, making the specimens suitable for grouting.    

The mechanical properties of the mixtures were investigated with static and dynamic 

tests. For this purpose, a total of six samples (for each set) were produced using a 

gyratory compactor (50 cycles). The Indirect Tensile Strength (ITS) (EN 12697-23) 

test was then conducted on the samples. A constant loading of 50 mm/min was applied 

until sample failure. The determined maximum load was used to calculate the ITS. 

Three samples were tested under dry at 25 °C conditions and the remaining three were 

tested after being submerged in water (40 °C) for 72 hours. The susceptibility of the 

mixtures to moisture was evaluated by comparing the ITS of wet and dry samples based 

on EN 12697-12 (Indirect Tensile Strength Ratio, ITSR).  

The Indirect Tensile Stiffness Modulus (ITSM) was obtained by applying controlled 

strain rate loads to the specimens in the indirect tensile configuration. The test followed 

the EN 12697–26 Annex C standard and was conducted at three different temperatures 

of 10, 20 and 30 °C in order to evaluate the thermal sensitivity of the asphalt concretes. 

The samples were conditioned for at least four hours before testing.  

8.3.2 Grout formulation and structure 

Two different types of grouting mixtures were used for the current study. A common 

cement-based grout was used as the control sample. The grout was produced by mixing 

70% of specific cement with 30% of water. The liquid mixture was mixed for five 

minutes to produce a homogenized material. 
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The geopolymer-based grout was produced by mixing the precursor, alkaline hardener 

and the calcined waste silt according to the specified ratios presented in Table 8.3. For 

this purpose, metakaolin was mixed with potassium silicate and sodium hydroxide 

solution for 5 minutes. The calcined silt was then added as the filler and the mixing 

was continued for an additional 5 minutes. A liquid to solid ratio of 1.5 was adopted to 

ensure adequate fluidity of the geopolymer mixture, considering that the grouting 

material should penetrate the porous skeleton of the asphalt concrete, filling the voids.  

Table 8.3. Geopolymer-based grout mix design  

Material Amount (% total weight) 

Metakaolin 24 

Calcined silt  16 

KOH (solution) 48 

NaOH (8M)  12 

 

The grouting mixtures were characterized in terms of unconfined compressive strength 

(UCS). The data are presented in Table 8.4. The cement and geopolymer grouts were 

produced according to Table 3. The mixtures were then placed inside cubic molds 

(4*4*4 cm) and were cured for 28 days at room temperature. The samples were 

unmolded and were tested for UCS using a hydraulic press. The highest strength was 

obtained for the control samples. It is worth mentioning that the most widespread 

Italian technical specifications for grouted macadam, suggest 35 MPa as lower limit 

for the UCS after 28 days of curing.  

Table 8.4. Average UCS results for geopolymer-based and cement-based grouting 

mixtures.  

Grout UCS (MPa) 

Geopolymer-based grout 13.9 ± 0.4 

Control grout  38.8 ± 1.5 
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8.3.3 grouting of porous asphalt specimens 

The samples were put inside Marshall molds where the bottom section was sealed to 

prevent possible leaking of the grouting material. The prepared grouts were stirred 

thoroughly prior to use to ensure a homogenized mixture. The material was then poured 

on top of the porous asphalt specimens. This act was continued until the surface of the 

samples were covered by the grouting material (Figure 8.2). The samples were cured 

at room temperatures for 24 hours. All specimens were demolded and cured for 28 

days. The grouted samples containing the control limestone filler were designated as 

GM-C, whereas geopolymer grouts containing calcined silt were labeled as GM-SC. 

 

Figure 8.2. Grouted macadam samples. 

The air voids content of the asphalt specimens was calculated before and after grouting. 

The data is summarized in Table 8.5. Both porous asphalt mixtures showed to have the 

required 25-30% air voids suggested by Italian specifications. The grouting of the 

samples dropped the air voids content to 7.11 and 8.94 for the GM-C and GM-SC 

samples, respectively.  
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Table 8.5. Air voids content for porous and grouted macadam asphalt samples.  

 

 

 

8.4 Results and Discussion 

8.4.1 Porous asphalt mixture characterization 

8.4.1.1 Indirect Tensile Strength (ITS) 

The effect of different asphalt fillers on the mechanical properties of porous asphalt 

samples were investigated through the Indirect Tensile Strength (ITS) in compliance 

with the EN 12697-23 standard. All specimens were cured at 25 °C for 4 hours before 

testing. The ITS results are summarized in Figure 8.3.  

The control porous asphalt samples produced with common limestone filler showed an 

ITS value of 0.605 MPa, whereas the samples produced with thermally treated silt 

followed up closely showing a 11.9% loss of strength compared to the control samples. 

The statistical analysis showed an insignificant difference in terms of ITS between the 

PA-C and PA-SC samples (p=0.568). The addition of waste silt does not significantly 

affect the cohesion properties of the porous asphalt. Furthermore, it is worth noting that 

the minimum required ITS for this type of mixture is generally 0.40 MPa according to 

the most common Italian technical specifications. 

 

Specimen Air voids (%) 

PA-C 26.22 

PA-SC 25.18 

GM-C 7.11 

GM-SC 8.94 
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Figure 8.3. Average ITS for porous samples. 

8.4.1.2 Indirect Tensile Strength Ratio results 

The Indirect Tensile Strength Ratio (ITSR) was used to compare the resistance of the 

asphalt mixtures produced against moisture damage. For each specimen type, 3 replicas 

were tested after imbibition in a water bath at 40 °C for 72 hours before testing. The 

average ITSR values for the porous asphalt specimens are shown in Figure 8.4. The 

control sample produced with limestone filler had the highest resistance against 

moisture damage demonstrating an ITSR value of 94%. The inclusion of calcined silt 

led to a slight reduction in the moisture damage resistance presenting an ITSR value of 

92%. The statistical analysis showed no significant difference between the two groups 

(p=0.218). As for the previous ITS analysis, the ITSR values were above the suggested 

lower limit for porous asphalt (ITSR > 75 %). 
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Figure 8.4. Average ITSR results for porous samples. 

8.4.1.3 Indirect Tensile Stiffness Modulus (ITSM) 

The summary of the average ITSM values is presented in Figure 8.5 for the porous 

specimens. The thermal sensitivity of the mixtures was studied by testing the samples 

at 10, 20 and 30 °C. When calcined silt was used as filler in porous asphalt, lower ITSM 

values were obtained at every testing temperature. Moreover, the ITSM of the control 

mixture was less susceptible to variations in temperature compared to the PA-SC 

mixtures. One-way ANOVA was conducted to determine the significance of the results 

for each testing temperature. The results showed that at both high and low testing 

temperatures, a significant difference was observed between the two groups. However, 

samples tested at 20 °C proved to be similar in terms of ITSM values. 
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Figure 8.5. Average ITSM values for porous asphalt. 

8.4.2 Grouted Macadam Asphalt Mixtures characterization 

8.4.2.1 Indirect Tensile Strength results 

The ITS data of the grouted samples are shown in Figure 8.6. The highest ITS value of 

2.16 MPa was obtained for the control samples, whereas an ITS of 1.55 was measured 

for the geopolymer cement grouted macadam specimens. The lower values for the 

geopolymer grouted samples could be related to the low strength of the geopolymer 

mortar. The grout was designed in such a way to ensure enough fluidity of the sample. 

Thus, the liquid to solid ratio of the mixture was much higher than the 0.45-0.55 ratios 

suggested by various studies [14,238]. Higher liquid ratios could result in a drop in the 

compressive strength of the sample due to the brittleness of the produced geopolymer 

cement. The statistical analysis indicated a significant difference between the different 

types of grouted mixtures in terms of the ITS (p=0.0184).   
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Figure 8.6. Average ITS of grouted mixtures 

 

8.4.2.2 Indirect Tensile Strength Ratio results 

The ITSR of grouted samples is shown in Figure 8.7. The control sample presented an 

ITSR of 93%, while the ITSR of the geopolymer grouted samples dropped by 13%. 

However, no significant difference was observed in terms of ITSR between the two 

groups (p=0.061). This loss of strength could be related to the fact that geopolymer 

cement have high water absorption rates [14]. Moreover, this could be coupled with 

the water absorption abilities of the silt, which could lead to partial swelling of the 

geopolymer-based grout. 
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Figure 8.7. Average ITSR of grouted macadam samples. 

 

8.4.2.3 Indirect Tensile Stiffness Modulus results 

Figure 8.8 depicts the ITSM values obtained at three different testing temperatures of 

10, 20 and 30 °C. The grouted samples showed an ITSM value of 8991 MPa at 10 °C, 

which decreased by 4.42% when compared to the control sample. The loss of stiffness 

was observed for every testing temperature: at 20 and 30 °C a decrease of 42.97 and 

39.40% was reported, respectively.  

The geopolymer cement had a low UCS value of 13.97 MPa which was approximately 

64% lower than the control grout cement. The lower stiffness modulus of the 

experimental grouted asphalt concrete could be related to the lower mechanical 

properties of the geopolymer-based grouting material. 
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Figure 8.8. Average ITSM values for grouted macadam samples.  

 

8.5 Conclusion 

This paper promoted a double recycling technique, where a thermally treated waste silt 

was used as filler for the bituminous skeleton and for the geopolymer-based grouting 

material of grouted asphalt concrete. The proposed recycling technique could benefit 

the road industry by reducing production costs (aggregates extraction and cement 

production), increasing the sustainability of road pavements. The resulted semi-flexible 

pavement containing waste silt was compared with a conventional grouted mixture. 

The main conclusions are as follows: 

• The air voids content of the porous samples was within the suggested range 

of 25-30%. Thus, the inclusion of thermally treated waste silt as filler does 

not alter the workability and compactability properties of the porous 

asphalt concrete. 

• The ITS and ITSR values of both porous samples were similar. Slight 

decrease of the indirect tensile strength was observed when calcined silt 

was added. However, both values were considerably above the lower 
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cohesion limit suggested for porous asphalts. Similar trend was observed 

for the ITSR. 

• The ITSM values of the control porous asphalt were higher than those of 

the geopolymer grouted samples.  

• The ITS and ITSR of the grouted mixtures indicated better performance for 

the control mixture if compared to the experimental one. A drop of 

approximately 28% was observed when geopolymer was used as the 

grouting material. The ITSR of the geopolymer was 6.5% lower than that 

of the control specimen. 

Due to the lower mechanical performances of the geopolymer-based grouting material, 

the experimental samples showed lower ITSM values. 

Based on the preliminary results, the use of thermally treated waste silt as filler in 

porous asphalt demonstrated promising results. However, the use of waste calcined silt 

to produce geopolymer-based grouting materials led to a significant drop in the 

mechanical properties of the final grouted asphalt concrete. Future studies will focus 

on the optimization of the grouting mixture aiming to replicate the performance of the 

cement-based one. 
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Chapter 9: Conclusion 

The current study aimed at providing novel solutions on recycling limestone aggregate 

production by-product, waste silt, into new paving solutions. The waste silt was 

obtained from S.A.P.A.B.A. which is an asphalt and aggregate production plant in 

Bologna, Italy. Recycling of the silt could provide a circular economy for the company 

and more importantly minimize the impact of the sedimentation lakes on the 

environment. Consequently, a total of three major objectives were determined that 

followed the overall aim of recycling waste silt in novel paving solutions. This was 

pursued in three different parts, where the silt was used in cement-bound, geopolymer 

cements and asphalt pavement. The outcome of the objectives was paving blocks and 

asphalt pavement wearing courses that demonstrated acceptable performance. The 

detailed conclusion of each part is discussed in the following paragraphs.    

In PART I, the investigations focused on recycling waste silt into cement-bound 

materials. A DOE was applied and a total of 49 randomized cement mortar samples 

were produced. The aim of the implemented DOE was to optimize mixtures by 

maximizing the amount of silt used within the mixtures in such way that it would not 

affect the mechanical properties of the samples. The obtained results demonstrated the 

possibility of substituting up to 20% of natural sand with waste silt in cement mortar 

mixtures. The corresponding maximum compressive and flexural strength were 

reported as 22 MPa and 4.0 MPa, respectively. Moreover, the prediction function of 

the JMP software indicated that the inclusion of only 16% silt to cement mortar samples 

could increase the compressive and flexural strength by 36.4 and 62.5 %, respectively. 

The investigation continued by exploring the possibility of including silt in concrete 

paving block. For this purpose, a DOE was produced and a total of 12 different 

aggregate blends consisting of gravel, sand, and silt were produced and were tested for 
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tensile splitting strength (EN 1338). The optimized mix design having 15% gravel, 

65% sand, and 20% of silt was chosen and the produced mixture was fully 

characterized based on EN 1338 standard. The results showed to be promising and the 

produced bricks could be used in paving blocks after further modifications. 

PART II explored the possibility of producing silt-based geopolymer cement and 

concrete specimens that could be used in civil engineering applications. The 

application of mining waste and quarry dust in geopolymers were thoroughly 

summarized. The literature indicated thermal calcination of the waste material as an 

important step for producing geopolymer samples containing waste quarry dust. Thus, 

a RSM was applied, and the best calcination time and temperature of waste silt was 

determined. A calcination time of 2 hours at 750 °C was determined based on the 

mineralogical, mechanical and environmental properties of the calcined silt. Higher 

calcination temperatures produced higher compressive strength indicating an increase 

in the reactiveness of the calcined silt. Precursors should be highly reactive material 

with amorphous phases. However, high crystalline phases were still evident for the 

thermally treated waste silt indicating the feasibility of using the calcined material 

merely as a filler in geopolymer cement production. The same optimum calcination 

procedure was adopted and silt-based geopolymer cement for the production paving 

blocks were produced. The geopolymer cement showed an UCS of 40 MPa after 28 

days of curing. Exposure of the geopolymer cement to high temperature (1000 °C for 

2 hours), decreased the UCS by 36%. The thermal stability, phase change and mass 

loss of the geopolymer cement was further investigated through a simultaneous thermal 

analysis (TGA/DTA). Evaporation of physical and zeolite water for temperature 

ranging between 100-250 °C was observed, which is a typical behavior of geopolymer 

cements. The silt was then mixed with a predefined aggregate blend to produce the 

final paving blocks. The produced prototype of paving blocks showed acceptable 

performance and could be successfully used in the industrial sector. However, further 
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optimizations in the production and casting procedure are needed to overcome the 

limited mechanical properties. 

The possibility of including waste silt in different asphalt pavement types including 

HMA, porous asphalt and grouted macadam was discussed in PART III. The first 

objective was to evaluate the possibility of using normal and untreated silt as filler in 

HMA. The obtained data were compared with a control sample containing normal 

limestone filler. The results indicated that the addition of waste fillers did not increase 

the optimum binder content of HMA samples. Moreover, it did not show any adverse 

effect on the air voids content of the samples. In terms of the ITS values, sample 

produced with calcined silt and the control samples showed similar performance. 

However, the inclusion of untreated silt as filler resulted in 9% drop in ITS values 

compared to the control sample. The moisture sensitivity of HMA-SN was highest 

compared to the remaining samples showing and ITSR value of 85%. This could be 

related to the water absorption ability of untreated silt that could result in stripping of 

binder from aggregates. In addition to the mechanical properties, a dynamic shear 

rheometer was used to evaluate the effect of different filler types on the produced 

bitumen mastic. The rheological data showed similar behavior for both control and 

HMA-SC samples in terms of G*, delta and MSCR test values. However, the addition 

of untreated silt as filler reduced the stiffness of the mastic and increased the viscous 

behavior of the binder. In terms of rutting performance, thermally treated silt had the 

highest resistance against permanent deformation. This was observable in lower 

accumulated strain % and lower non-recoverable compliance values. A separate study 

was conducted to explore the mechanical properties of semi-flexible pavements 

grouted with a geopolymer cement. The semi-flexible pavement consisted of a porous 

asphalt skeleton, which had thermally treated silt as the filler. The geopolymer grout 

was also produced using the calcined silt as the filler, promoting a double recycling 

approach for recycling waste silt. The results indicated higher mechanical performance 
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in terms of ITS, ITSR and ITSM for the control samples produced with cement-based 

grouts and limestone filler. However, none of the samples demonstrated values lower 

than those suggested by Italian specifications. An improved geopolymer grout could 

improve the performance of the semi-flexible pavement.  

To sum up, different approaches for recycling waste silt were proposed and tested. In 

general, several factors could be taken into account during recycling of such material. 

For instance, the final strength and performance of the products containing waste silt 

should be similar to products containing no waste material. Durability could also be 

added as an important parameter to consider during recycling.  It is highly 

recommended to perform Life Cycle Analysis (LCA) studies on each of the proposed 

techniques and methods to fully evaluate their sustainability. The waste silt is a by-

product of S.A.P.A.B.A. making it free of charge. This would lower the final cost of 

the products produced with the silt. The environmental test conducted on the 

geopolymer samples indicated no hazardous leachant. Moreover, the advantages of 

geopolymers to ordinary Portland cement has been discussed by various studies, of 

which one could point to its lower carbon dioxide emission rates. Currently, the 

production of HMA and porous asphalt mixtures seems more practical compared to the 

other approaches. This is due to the operating asphalt plant at S.A.P.A.B.A. On the 

other hand, proper infrastructures are needed to produce geopolymers on site. 

Nevertheless, the silt could be sold as raw material to nearby companies which produce 

geopolymer-based products.  
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