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Highlights  16 

 Lightweight geopolymer aggregates were manufactured from fly ash and mine tailings 17 

 Geopolymer aggregates have similar or better physical properties than LECAs 18 

 Rheology of the mortar paste is similar for LECAs and geopolymer aggregates 19 

 Geopolymer aggregates produced higher-strength mortars and concretes than LECAs 20 
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Abstract  24 

Using industrial side streams as artificial aggregate precursors could increase waste utilization and 25 

save natural reserves. In this study, lightweight geopolymer aggregates were manufactured from 26 

fluidized bed combustion fly ash and mine tailings using high shear granulation and alkali 27 

activation. The results showed that geopolymer aggregates had physical properties comparable to 28 

commercial lightweight expanded clay aggregates (LECAs). Mortar and concrete prepared with 29 

geopolymer aggregates had higher mechanical strength, a higher dynamic modulus of elasticity, 30 

and higher density than concrete produced with LECAs, while the rheology and workability was 31 

the same.  32 

Keywords: lightweight aggregates, rheology, geopolymers, mortar, concrete.  33 

 34 

1. Introduction 35 

The usage of lightweight aggregates (LWAs) in concrete is steadily increasing, as some of their 36 

properties, including reduced dead weight, higher insulating coefficients, and superior sound-37 

dampening qualities, are better than those of normal-weight aggregates [1].  38 

Natural LWAs, such as pumice, scoria, and tuff, have long been used as concrete aggregates [2]. 39 

However, with the increasing demand and non-availability of natural LWAs, methods for 40 

producing artificial LWAs have been developed. The most common artificial LWAs are 41 

lightweight expanded clay aggregates (LECAs), which are produced by expanding natural clay at 42 

about 1200 °C in rotary kilns. To save natural raw materials, prevent damaging mining activities, 43 

and increase waste utilization, there has been a great deal of research on manufacturing artificial 44 

LWAs from industrial side streams. The most common methods for producing artificial LWAs 45 
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from industrial waste are high-temperature sintering [3–7] and cement-based pelletization [8–12]. 46 

Another much less studied method is the granulation of wastes using alkali activators [13–15]. 47 

This method (i.e., geopolymerization) is economically sound, as it avoids the high costs of 48 

sintering and using cement. During the granulation, the surfaces of the precursor particles are 49 

wetted by the alkali activator. The reactive material dissolves and forms an alumino-silicate gel, 50 

which binds the particles together. The process results in spherical granules and surface dry 51 

granules.  52 

Previous studies [15–17] have shown that geopolymer LWAs with satisfactory physical properties 53 

can be produced, even from low-reactivity and heavy metals containing fly ash. However, it is not 54 

clear how such aggregates perform in real mortar and concrete. As geopolymer aggregates may 55 

have different densities and levels of water absorption, the rheology (i.e., workability) of the 56 

cement mixture may change depending on the aggregates used. The intrinsic properties of LWAs 57 

also affect the properties of hardened mortar and concrete, such as their mechanical strength and 58 

capillarity. 59 

Artificial LWAs are produced from mine tailings and fly ash using alkali activation and high shear 60 

granulation. The physical and mechanical properties of geopolymer aggregates are compared with 61 

commercial LECAs. Mortars and concretes are produced with LECAs and geopolymer aggregates 62 

and the rheology, mechanical strength, dynamic modulus of elasticity, capillarity, and density are 63 

determined. The aim of the research is to evaluate the performance of geopolymer aggregates in 64 

mortars and concretes. 65 

 66 

 67 
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2. Materials and methods 68 

2.1 Materials 69 

Two fluidized bed combustion (FBC) fly ashes and two mine tailings were chosen as geopolymer 70 

aggregate precursors. Fly ash 1 and fly ash 2 came from an electricity and heat power plant that 71 

uses wood and peat as fuel. Mine tailing 1 was obtained from a gold mine, and mine tailing 2 was 72 

obtained from a copper and zinc mine. The chemical composition of the raw materials is presented 73 

in Table 1. 74 

Table 1. Chemical composition, loss on ignition, and average particle size of the geopolymer aggregate 75 

raw materials. 76 

 Fly ash 1 Fly ash 2 
Mine 

tailing 1 

Mine 

tailing 2 

CaO, XRF [%] 16.2 13.8 11.7 10.9 

SiO2, XRF [%] 42.4 40.2 49.8 25.3 

Al2O3, XRF [%] 9.4 10.1 10.7 7.0 

Fe2O3, XRF [%] 14.8 22.3 9.1 25.7 

Na2O, XRF [%] 1.7 1.3 3.1 - 

K2O, XRF [%] 3.6 2.5 1.3 0.8 

MgO, XRF [%] 3.7 2.8 6.7 6.6 

P2O5, XRF [%] 3.7 3.3 0.2 0.1 

TiO2, XRF [%] 0.3 0.3 1.3 0.4 

SO3, XRF [%] 3.2 2.4 4 13.6 

Cl, XRF [%] 0.2 0.1 0 0.0 
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Moisture [%] 0.1 0 0.2 0.3 

Loss on ignition 525ºC [%] 0.1 0.1 0.2 1.6 

Loss on ignition 950ºC [%] 1.0 0.5 13.6 8.8 

Particle median size <50% [µm] 14.7 20.7 130.4 126.1 

 77 

The raw materials were granulated using a high-shear granulator (Eirich R01) and a sodium silicate 78 

solution as an alkali activator. The geopolymerization process is explained in detail in [15]. In 79 

brief, the process was as follows: 1) dry raw materials were weighed, mixed, and added to the 80 

drum; 2) the impeller and drum were switched on, and approximately 15 g of sodium silicate 81 

solution was added to prevent dusting; and 3) sodium silicate was added by the drop until the 82 

desired aggregate size (2–10 mm in diameter) was achieved. Each geopolymer aggregate batch 83 

was sealed in airtight plastic bags and stored in ambient conditions for 28 days. The sodium silicate 84 

solution used for granulation was Zeopol® 25 (Huber), which has a SiO2/Na2O-molar ratio of 2.5 85 

and a water content of approximately 66 wt%. 86 

The particle density and water absorption of the aggregates were determined according to the EN 87 

1097-6 standard [18]. The loose bulk density and voids were determined according to the EN 1097-88 

3 standard [19]. The particle size distribution was determined according to the EN 933-1 standard 89 

[20]. 90 

As reference materials, two sizes of LECAs were used. The LECA filler had a particle size 91 

distribution of 0–3 mm, and LECAs 4–12.5 had a particle size distribution of 4–12.5 mm. For all 92 

mortar and concrete samples, CEM II/B-L 32.5 N cement was used. Siliceous sand was used as an 93 

additional aggregate in the mortar and concrete.  94 
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 95 

2.2 Preparation of mortars and concretes 96 

Mortar and concrete samples were prepared by adding water, then cement and sand, and then 97 

mixing them in a mixer for three minutes. The aggregates and extra water (the water absorption 98 

capacity of aggregates (%) multiplied by the mass of the aggregates) were added and mixed for 99 

three more minutes. Suitable mortar and concrete mixtures were first prepared with LECAs, and 100 

then the aggregates were replaced according to their loose bulk volume rather than their mass, due 101 

to the variations in their loose bulk densities. Aggregates were not pre-wetted prior to their addition 102 

so that water-cement-paste would impregnate them and thus would enhance the interfacial 103 

transition zone (ITZ.) It has been reported [21] that the water absorption rate of aggregates is 104 

greatly reduced after the first 2–5 min and that the absorption of pre-wetted aggregates after mixing 105 

is not significant and only slightly affects the workability of fresh concrete. In this work, the water 106 

addition was determined by measuring the water absorption capacity after 24 hours of immersion 107 

in water. Thus, the amount of extra water was probably slightly higher than what was necessary. 108 

For mortar samples, the aggregates were 0–2 mm in diameter (Figure 1), and for concrete samples, 109 

they were 2–8 mm in diameter (Figure 2). For concrete samples, geopolymer aggregates had 110 

different size distributions between the aggregate batches (Figure 2). To minimize the effect of the 111 

aggregate size, two reference samples (C0a and C0b) were prepared by mixing the LECA filler 112 

and LECAs 4–12.5 to obtain similar size distributions (LECA a and LECA b) as geopolymer 113 

aggregates. The composition of each sample is presented in Table 2.  114 

 115 

 116 
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 117 

Figure 1. Aggregate size distributions for the mortar samples. FA: fly ash geopolymer aggregates; MT: 118 

mine tailing geopolymer aggregates. 119 

 120 
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Figure 2. Aggregate size distributions for the concrete samples. FA: fly ash geopolymer aggregates; MT: 122 

mine tailing geopolymer aggregates. 123 

Table 2. Composition of mortar and concrete samples. W/C = water/cement ratio of the paste mix. 124 

Additional water was added according to the water absorption and mass of the aggregates. 125 

   Cement Sand Aggregate W/C 
Mortar (aggregate size 0–2 mm) Aggregate m-% m-% V-% (g/g) 

M0 LECA 22 57 21 57 
M1 FA1 22 57 21 57 
M2 FA2 22 57 21 57 
M3 MT1 22 57 21 57 
M4 MT2 22 57 21 57 

Concrete (aggregate size 2–8 mm)           
C0a LECA a 22 59 19 63 
C0b LECA b 22 59 19 63 
C1 FA1 22 59 19 63 
C2 FA2 22 59 19 63 
C3 MT1 22 59 19 63 
C4 MT2 22 59 19 63 

 126 

The mortar and concrete mixtures were cast into molds (4x4x16 cm3 molds for mortar samples 127 

and 10x10x10 cm3 molds for concrete samples). The mortar samples were hardened in a 20±5 ºC 128 

and 65±5 % relative humidity (RH) room, while the concrete samples were cured at 95±5 % RH 129 

for 28 days at 20±5 ºC. 130 

2.3 Testing procedures 131 

Additional mortar mixtures were prepared for the rheology measurements. Rheology behavior was 132 

determined using a Viskomat NT rheometer. Mortars usually behave as a Bingham fluid, 133 

characterized by yield stress and plastic viscosity. This apparatus automatically measures torque 134 

continuously during the test, following a speed–time program. Bingham behavior can be expressed 135 

as the relation between torque (T) and rotation speed (N): T = g + h N, where g and h are 136 

coefficients that are directly proportional to yield stress and plastic viscosity, respectively [22,23]. 137 
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The method used to measure the rheological parameters was the profile of velocity versus time. 138 

The sample was mixed at 100 rpm during the test time (90 minutes) with a rotation reduction until 139 

0 every 15 minutes (a ramp mode every 15 minutes). 140 

The capillary water absorption of the hardened mortar samples was determined according to 141 

standard EN 1015-18 [24]. 142 

A field emission scanning electron microscope (FESEM, Zeiss Ultra Plus) was used to analyze 143 

cross-sections of the mortar samples. Pieces of the crushed samples were impregnated in an epoxy 144 

resin under a vacuum. After curing for 24 h, 2-mm slices were cut and placed in a plastic mold 145 

with a diameter of 40 mm. The slices were then impregnated in epoxy resin under a vacuum and 146 

left to cure for 24 h. The hardened samples were ground, polished, and coated with carbon to obtain 147 

an optimal surface for FESEM analysis. The distance between the sample and the beam tip was 5 148 

mm. The acceleration voltage was 5 kV for secondary electron (SE) images and 15 kV for back-149 

scattering electron (BSE) and energy dispersive x-ray spectrometer (EDS) images. 150 

The forces required to crush the aggregates were measured with Shimadzu AG-IC testing machine 
151 

by placing a single aggregate between two steel plates to its steadiest position, and the force needed 
152 

to break the aggregate was measured. At least six aggregates were measured from each aggregate 
153 

batch. The compression speed in the aggregate crushing test was 0.6 mm/min.  
154 

The mortar samples’ flexural and compressive strength was measured using a testing machine 
155 

(Shimadzu AG-IC) according to standard EN 1015-11:1999 [25]. The compressive strength of the 
156 

concrete samples was determined using a test machine (FORM+TEST type Beta 2 3000D) 
157 

according to the standard NP EN 12390-3:2009 [26]. The dynamic modulus of elasticity was 
158 

measured using a portable ultrasonic nondestructive digital indicating test (PUNDIT).  
159 

 160 
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3. Results and discussion 161 

3.1 Physical properties of the aggregates 162 

The loose bulk density was 1.0 g/cm3 for fly ash geopolymer aggregates and 0.9 g/cm3 for mine 163 

tailing geopolymer aggregates (Table 3). LECAs were much lighter, with a loose bulk density of 164 

only 0.4 g/cm3 for those that were 4–12.5 mm in diameter and 0.7 g/cm3 for those that were 0–3 165 

mm in diameter. As expected, all aggregates were lightweight according to standard EN 13055-1 166 

[27]. The water absorption of LECAs, FA1, and MT4 after 24 h was approximately 30 %. FA2 167 

and MT1 displayed 21.5 % and 25.1 % water absorption, respectively. 168 

Figure 3 shows the crushing forces of the aggregates. LECAs required a higher crushing force than 169 

the mine tailing geopolymer aggregates, but a lower crushing force than fly ash geopolymer 170 

aggregates. This indicates that there was more reactive material for the geopolymerization reaction 171 

in fly ash than in mine tailings. This was expected, as a previous study [28] using mine tailings as 172 

a geopolymer precursor showed that only low-strength materials can be obtained from mine 173 

tailing-only geopolymers. 174 

 175 

Table 3. Physical properties of geopolymer aggregates and LECAs. Determinations were made according 176 

to standards 1097-3 and 1097-6.  177 

 FA1 FA2 MT1 MT2 
LECA  

0–3 

LECA 

4–12.5 

Apparent particle density (g/cm3) 3.2 3.1 3.0 4.6 1.6 0.8 

Oven-dried particle density (g/cm3) 1.6 1.9 1.7 1.9 1.1 0.6 

Wet-saturated particle density (g/cm3) 2.1 2.3 2.1 2.5 1.4 0.8 
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Water absorption after 24 h (%) 30.7 21.5 25.1 31.3 29.9 32.6 

Loose bulk density (g/cm3) 1.0 1.0 0.9 0.9 0.7 0.4 

Void volume (%) 36.1 46.4 46.6 51.2 37.2 36.5 

 178 

 179 

 180 

Figure 3. The forces required to crush the aggregates with a diameter of 5–7 mm. The error bars represent 181 

the intervals for the averages at a 95 % confidence level. 182 
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Figure 5 shows the behavior of the g parameter. For the first 15 minutes of the test, the g values 191 

decreased due to particle deagglomeration and particles’ orientation to the flow. Afterwards, 192 

parameter g, the coefficient proportional to yield stress, increased steadily due to decreasing 193 

workability. M1 presents g values slightly lower and with the same trend than those observed for 194 

M0 and M4 compositions.  195 

The rheological parameters of LECAs, FA, and MT geopolymer aggregates display similar 196 

behaviors. This is very important because if the rheological behavior of all compositions is 197 

identical, differences in the properties of hardened samples can only be due to the components of 198 

each composition. 199 

 200 

Figure 4. Variation in the h parameter during the test time of mortar samples 201 
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 203 

Figure 5. Variation in the g parameter during the test time of mortar samples. 204 

Mortars prepared with geopolymer aggregates had higher compressive strengths than mortar with 205 

LECAs (Figure 6). Mortars with fly ash geopolymer aggregates gained compressive strength up 206 

to 26 MPa, while mortars produced with mine tailing geopolymer aggregates had a compressive 207 

strength of approximately 20 MPa. The flexural strength for all mortars was approximately 5 MPa, 208 

except for M2, which had slightly higher flexural strength (6.7 MPa). All geopolymer aggregate 209 

mortar samples had a higher dynamic modulus of elasticity compared to LECA mortar samples, 210 

showing higher stiffness (although the difference was only minor for M4). The dynamic modulus 211 

of elasticity may be also affected by the water content of the mortar [29], but this was not studied 212 

here.  213 

The compressive strength of concrete samples behaved similarly to that of the mortar samples: FA 214 

geopolymer aggregates produced the strongest concrete, and LECAs produced the weakest (Figure 215 

7). The actual compressive strengths of the concrete and mortar samples were also similar. This 216 

can be explained by the fact that LWAs are presumably the weakest components in the samples 217 

and therefore define their overall physical performance. The failure pattern of all samples was 218 
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satisfactory according to standard EN 12390-3 (type 1 in the standard). The fracture path travelled 219 

through the aggregates in all cases, showing that ITZ was stronger than aggregates.  220 

 The particle size distribution of the aggregates did not appear to have a great effect, as C0a and 221 

C0b had nearly the same compressive strength. The concrete samples’ dynamic moduli of 222 

elasticity was similar to that of the mortar samples: concrete produced with LECAs was softer than 223 

that produced with geopolymer aggregates. However, the E-value of mine tailing aggregates was 224 

higher in the concrete samples than in the mortar samples.  225 

It should be noted that the LECAs used in this study are probably not the most appropriate for 226 

structural concrete. The water absorption (Table 3) was high for LECAs, which is not common in 227 

LWAs used in structural lightweight concretes. Nevertheless, the water absorption of the 228 

geopolymer aggregates was also high, so in that sense the results are comparable. 229 

 230 

 231 

Figure 6. Compressive and flexural strengths of the mortar samples. The dynamic modulus of elasticity is 232 

shown as a line. 233 
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 234 

 235 

Figure 7. Compressive strength of the concrete samples. The dynamic modulus of elasticity is shown as a 236 

line. 237 

 238 

The capillary water absorption of the mortar samples is presented in Figure 8. Mortar produced 239 

with LECAs absorbed more water more quickly than the geopolymer aggregate samples. M2 had 240 

the slowest water absorption, indicating that water is not able to penetrate FA2 aggregates as 241 

quickly as other aggregates. The total water absorption is shown in Table 4. 242 

0

5

10

15

20

25

30

0

5

10

15

20

25

30

C0a C0b C1 C2 C3 C4

G
Pa

M
P

a

Compressive strength (MPa) E (GPa)



16 
 

 243 

Figure 8. Capillary water absorption of mortar samples. 244 
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mortars were surface-dried and weighed. The total water absorption was around 10 % for all mortar 257 

samples except M2, which had a water absorption of only 7.9 %. Thus, M2 not only absorbed 258 

water slower than the other mortar samples but also absorbed less water than the other samples. 259 

Table 4. Apparent density and total water absorption of the mortar and concrete samples. 260 

  
Apparent 
density 
(kg/m3) 

Total water 
absorption [%] 

M0 1731 10.2 
M1 1907 10.1 
M2 1943 7.9 
M3 1907 9.9 
M4 1959 9.6 

    

C0a 1774 N/A 
C0b 1763 N/A 
C1 2025 N/A 
C2 2029 N/A 
C3 2033 N/A 
C4 2023 N/A 

 261 

3.3 Microstructure analysis   262 

Figure 9 clearly shows the differences between the aggregates used to produce lightweight mortar. 263 

Sample M0 shows that LECAs are very porous, and large pores can also be observed in the cement 264 

matrix near the aggregate particles. This may have happened due to the coalescence of air inside 265 

the LECAs. These facts explain the low density, high capillarity, and low compressive strength of 266 

sample M0. 267 

The LWAs in samples M1 and M2 are the densest aggregates in all the mortar samples. In addition, 268 

the cementitious matrix has low porosity and high density, and the mortar samples’ microstructures 269 

have higher density and lower capillarity, leading to higher compressive strength. 270 
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In samples M3 and M4, the pores of the aggregates are fragmented and connected to each other. 271 

The MT mortar samples show a microstructure between the M0 mortar sample and the fly ash 272 

LWA samples (M1 and M2).  273 
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 278 

Figure 9. Secondary electron images of polished cross-sections of the mortar samples with LECAs (M0), 279 

fly ash (M1 and M2), and mine tailing (M3 and M4) geopolymer aggregates. A: aggregate; S: sand 280 

particle; C: cement binder. 281 

Figure 10 shows a close-up view of the typical look of the cement–aggregate interface. LECAs 282 

and FA have smoother surfaces than MT aggregates. None of the mortar samples had a clearly 283 

visible porous ITZ. However, some gaps (tens of microns wide) were found between the FA 284 

aggregates and cement matrix in some parts of the samples (Figure 11). This seemed to be caused 285 

by the shrinkage of the FA aggregates. Surprisingly, MT aggregates seemed to expand, as there 286 

was a large number of pores inside the aggregates and tight binding to the cement matrix.  287 

An EDS line analysis (data not shown) was conducted on multiple (6–10 spots/sample) aggregate–288 

cement interfaces. Mortar samples that contained geopolymer aggregates had higher 289 

concentrations of Si and Na in the hydrated cement matrix near the aggregate surface. These 290 

elements originated from the aggregate binder (sodium silicate), which was the alkali activator 291 
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used in the granulation process. Other than that, no differences in the elemental composition of the 292 

samples’ cement matrices were found.  293 

4. Discussion 294 

As aggregates were added according to their loose bulk density, the mortar and concrete samples 295 

had slightly different volumes of aggregates due to the difference in void volumes (Table 3). The 296 

difference between the highest void volume (MT2 51.2 %) and the lowest void volume (FA1 36.1 297 

%) was 15.1 %, which means that mortar M4 had 3 % fewer aggregates (in volume of the total 298 

volume of the mixture) than mortar M1. Apparently, the difference in the aggregate volume did 299 

not have a significant impact on the physical properties of mortars and concretes, as the results 300 

were similar between LECAs, M1 & M2, and M3 & M4. 301 

The purpose of not pre-wetting the aggregates prior to adding them to mortars was that water-302 

cement-paste would go inside the aggregates when added (rather than water coming out of the 303 

aggregates) and would thus ensure proper binding between the aggregates and cement paste. As 304 

seen in microstructure analysis, indeed, the aggregates were well bound. However, as aggregates 305 

may absorb different amounts of water during mixing, the effective W/C-ratio may differ. A more 306 

detailed study to quantify the absorption of water in geopolymer aggregates during mixing would 307 

be valuable in future.  308 

All the geopolymer aggregates produced higher compressive strengths than LECAs in mortar and 309 

concrete. This is logical for FA aggregates since LWAs are presumably the weakest part of the 310 

system and FA aggregates required higher crushing forces than LECAs. However, for MT 311 

aggregates, this was not the case; they were weaker than LECAs, but the compressive strength of 312 

the mortar and concrete samples was still higher. This indicates that an additional effect increased 313 
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the samples’ compressive strength when MT aggregates were used. One reason could be also the 314 

higher porosity of LECAs compared to MT aggregates (Table 3). Apparently, FA aggregates did 315 

not have the same effect, or at least not as extensively.  316 

There were several other unexpected results that may be related to the physical or chemical 317 

properties of MT1 aggregates. The dynamic modulus of elasticity of C3 was similar to C1 and C2, 318 

while it had lower compressive strength. Additionally, M3 had higher capillary water absorption 319 

and total water absorption, although MT1 had low water absorption. Further studies with MT1 320 

aggregates would be needed to resolve these findings. 321 

A recent study by He et al. [30] concluded that the interfacial roughness of LWAs has a significant 322 

effect on the mechanical performance of mortar. The smoother outer layers of FA and LECAs 323 

could explain the lower-than-expected strength of FA and LECA aggregates and higher-than-324 

expected strength of MT aggregates. Additionally, possible reactions [31] in the aggregate–cement 325 

interface could enhance the ITZ, thus increasing compressive strength more than could be 326 

predicted by the crushing force of the aggregates. Moreover, it should be determined whether 327 

alkali–silica reactions or salt leaching occurs over time. 328 
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 331 

Figure 10. Secondary electron images of polished cross-sections of the mortar samples with 332 

LECAs (M0), fly ash (M1), and mine tailing (MT2) geopolymer aggregates. A: aggregate; S: 333 

sand particle. There was no clearly visible porous ITZ in any of the mortar samples. 334 

335 

Figure 11. FESEM images showing the possible shrinkage of the FA aggregates.  336 

 337 

 338 



26 
 

5. Conclusions 339 

Geopolymer aggregates produced from mine tailings and FBC fly ash were utilized as LWAs in 340 

mortars and concretes. The results of the study show that geopolymer aggregates produced better 341 

mechanical properties than LECAs in hardened mortar and concrete, while the rheology and 342 

workability of the fresh material is the same. The improved mechanical properties of fly ash 343 

geopolymer aggregates seem to be related to the higher required crushing force of the aggregates 344 

or better bonding due to the surface roughness of the aggregates. For mine tailing geopolymer 345 

aggregates the physical properties of mortars and concretes could not be explained by the 346 

aggregates’ properties. Thus, further studies are needed. Nevertheless, the present study shows that 347 

there is potential in utilizing geopolymer aggregates in mortars and concretes.  348 
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