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ABSTRACT  

The storage of unused fly ash is a major problem worldwide and regulatory authorities 

are increasingly resistant to permitting new facilities.  As an example, approximately 

50% of the fly ash generated in the UK has to be stored wet in stockpiles or lagoons, 

and that there is 50Mt of wet stored fly ash (mainly from around power stations) 

accessible for recovery and use.  Thus, there is serious pressure on these area to 

extract fly ash a reuse it in an appropriate manner or space will run out. Parallel to this, 

over this same period, environmental pressure on sand and gravel extraction has 

resulted in aggregate availability being a future problem.  In terms of coarse aggregate, 

the UK is a leading nation using recycled materials and around 21% of aggregates 

come from this source.  However, sand recycling is much more limited mainly due to 

the arising from recycled sources being silt-sized, with the attend negative effects on 

mix performance. 

Thus, this paper reports work into the feasibility of a novel technology to convert 

recovered fly ash, into a ‘manufactured sand’, by up-sizing the material through initial 

incorporation into foamed concrete and then crushing this into sand size particles.  The 

resulting ‘silt sand’ is then exposed to CO2 to enhance its strength and graded to a 

specific particle size distribution and assessed for mechanical performance.  The silt 

sand was found to have a low density and, therefore, classified as a lightweight 

material.  Data is presented for the use of the sand at 20 and 50% direct volume 

replacement for dense sand using standard mortar strength tests and it is shown that 

the impact of this was less than might be expected for a lightweight aggregate.   
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INTRODUCTION 

Sand has become an increasing scarce commodity in many countries and low cost 

and environmentally sustainable synthetic materials could provide a solution.  This can 

only really be done by changing the size of a bulk component e.g. crushing rock.  An 

alternative however, is to up-size a finer material, and a potentially suitable, widely 

available candidate is stockpiled fly ash.  For example, in the UK coal-fired power 

stations produce on average 5-7M tonnes of fly ash each year over the past 10 years, 

and whilst most of this is utilised within the construction sector, supply has out striped 

demand and there is still in excess of 50 million tonnes of material that has been 

treated (conditioned) with water for storage purposes and stockpiled or stored in 

lagoons around the UK1.  However, there are many other silt-size materials, from 

crushing of primary aggregates and industrial wastes such as glass cullet that are also 

often landfilled.  They are generally not suitable for fill purposes and, therefore, difficult 

to recycle in construction products. Moreover, with 20Mt of silt produced from 

quarrying alone2, combined with stockpiled fly ash, there remains a responsibility to 

find productive uses for such materials, as long-term landfilling is both environmentally 

irresponsible and uneconomic.  

Conditioned fly ash can be used as fill in highway projects and in cementitious grouts, 

although environmental protection agencies have become concerned about 

leachates, whilst other silt-size materials can be used as a filler in bituminous mixes.  

However, in general, silt sized materials used in concrete can increase water demand, 

requiring additional chemical admixtures to achieve a specific workability and can also 

increase the degree of shrinkage3,4,5,6. 

This paper examines the potential to manufacture synthetic sand using reclaimed 

stockpiled fly ash and an innovative production process using CO2 to initiate 

carbonation and, thereby improve its physical properties.  A further advantage of this 

is that any leachable alkalis are converted into a carbonate obviating the risk of 

efflorescence and lime bloom.  In addition, any autogenous or carbonation induced 

shrinkage occurs early and prior to use in mortar and concretes.  It is also well 

established at CO2 treatment is advantageous in improving the mechanical and 

durability properties of cement-based concrete 7,8.   



The rheology of foamed concrete has been previously shown9 to be unaffected by the 

constituent physical characteristics, which means the process can utilise a wide range 

of otherwise discarded silt materials.  This is a key factor in designing this process as 

the lack of certainty of single source supply chains (in terms of both steady supply and 

in-source variability) has been a major problem for end users wishing to adopt recycled 

materials.  Moreover, due to the low bond index of foamed concrete, it provides a 

particle microstructure and requires lower energy to crush to sand sizes required for 

mortar production.  

EXPERIMENTAL PROGRAMME AND TEST METHODS 

Phase 1 – Silt Characteristics: Three test silts were sourced, viz stockpiled fly ash (SP 

FA), which was compared to ‘inert’ materials i.e.quarry silt (QS), and glass cullet (GC), 

giving a good representation of the recycled/unusable bulk materials available in many 

countries.  The silts were characterised with respect to their physical and chemical 

properties.  The particle density of the materials was measured using the BS EN 1097-

710 method for sands. Moisture content was determined in accordance with BS EN 

1097-511. A Malvern/E laser particle size analyser was used to determine the particle 

size distribution of the silts. The surface microstructure of specimens were also 

compared using SEM.  Specific surface area measurements were carried out using 

nitrogen absorption techniques.  The bulk oxide analysis was carried out using a 

Panalytical MagiX fluorescence spectrometer with a CuKsource. The loss-on-

ignition (LOI) of the silts was determined by igniting approximately 1.0g of material in 

a furnace at 975oC for 1 hour (BS EN 196-2)12.  

Phase 2a – Upsizing to Sand:  The first stage of this Phase was to establish how much 

silt could be utilised.  Initial foamed mixes were produced containing three Portland 

cement:silt ratios (1:1, 1:2 and 1:3) and a plastic density of 850kg/m³ (low density used 

in order to focus on the effect of silt and not the foam).  The amount of water and foam 

required to produce foamed concrete at a suitable workability was also established.  

The foamed concrete mixes were produced in a slow speed rotary drum mixer, by 

combining a base mix with a pre-formed protein-based foam. The workability of the 

foamed concrete was assessed in terms of slump flow spread (BS EN 12350-8)13. 

In the second stage, foamed concrete mixes were developed for Portland cement/silt 

ratio of 1:3 and target plastic density of 1250 kg/m³.  Plastic density was determined 



following BS EN 12350-614 method. Compressive cube strengths and hardened 

density of foamed concrete were measured in accordance with BS EN 12390-215 and 

BS EN 12390-716 respectively.  Foamed concrete was crushed in a standard 

laboratory jaw crusher after 14 days (seal cured in a 65% RH, 22oC environment).  

Phase 2b – CO2 Treatment: The silt sand was spread thinly on steel trays and exposed 

to a CO2 enriched atmosphere, with a concentration of 8% (at 20oC, 50% RH) for 10 

days, at which time, full carbonation had occurred (based on alkali-indicator spray).  

The total amount of CO2 sequestrated was determined using TG technique.  SEM 

images were taken to establish whether there was any change in microstructure.   

Phase 2c – Silt Sand Characterisation and Grading; The resulting carbonated silt sand 

was then graded to match a reference sand using standard sieve sizes  

(BS EN 1262010). Bulk densities and absorption of silt sand were determined in 

accordance with BS EN 1097-317 and BS EN 1097-618, whilst the particle strength was 

calculated from modifying BS EN 13055-119.   

Phase 3 – Mortar Tests: This phase determined the effect of silt sand on fresh and 

hardened mortar, replacing natural sand at 20% and 50% levels (by volume).  Water 

demand was determined following flow measurements in accordance with  

BS EN 3892-120 and mortar strength measurements were carried out at 3, 7 and 28 

days in accordance with BS EN 196-121.   

RESULTS AND OBSERVATIONS 

Phase 1: Silt Characteristics 

A general description of three test silt materials are given in Table 1 and Table 2 

summarises their physical and chemical properties.  Figure 1 shows the particle size 

distribution of the raw materials.  It can be seen that the maximum particle size for 

glass cullet and quarry silt are below 125m, whilst the stockpiled fly ash was found 

to be significantly coarser, with maximum particles size of 340m. The particle 

densities ranged from 2060 kg/m³ to 2710 kg/m³ and the moisture contents of 

stockpiled fly ash and quarry silt were 10% and 12% respectively (the glass cullet was 

pre-bagged and therefore used in dry form).  The specific surface area was in a range 

from 1.0 to 8.0 m²/g, whilst loss-on-ignition (LOI) values was 2.4% for quarry dust and 

15.3% for the fly ash.   



The chloride contents of all silt size materials were nil and the fly ash had a typical 

sulfate content of 2%. Images obtained using SEM given in Figure 2 shows typical 

agglomeration of stockpiled fly ash caused by wetting22. 

 

Table 1   General Description of Silt Materials Tested 

Silt Description 

Stockpiled Fly Ash  
(SP FA) 

Fly ash obtained from a UK power station. The 
stockpiled fly ash had been sprayed with water to 
control dust. 

Glass Cullet (GC) 

UK company using glass as a raw material to 
produce glass beads and grains, these products 
are sold into the road marking industry as a 
reflective agent in white lines on roads – this 
material is the arisings. 

Quarry Silt (QS) 

Obtained from an aggregate quarry where 
recycled road planings were crushed periodically.  
The quarry silt had been sprayed with water to 
control dust. 

 

Table 2   Physio-chemical Properties of Raw Silts 

Property 
Stockpiled 

Fly Ash 
Glass Cullet Quarry Silt 

Particle density, kg/m³ 2060 2480 2710 

Moisture content, % by mass 10.0 n/t 12.5 

Specific surface area, m²/g 8.0 1.0 2.9 

Loss-on-ignition, % by mass 15.3 n/t 2.4 

Bulk Oxide Composition, % by mass 
CaO 4.6 9.3 5.7 
SiO2 41.7 68.4 54.3 
Al2O3 25.9 1.0 15.7 
Fe2O3 9.0 0.1 7.7 
MgO 1.6 3.6 4.9 
TiO2 1.2 n/d 1.2 
K2O 2.1 0.4 2.1 
Na2O 0.9 11.6 2.9 
Cl n/d n/d n/d 
SO3 2.0 0.1 n/d 

n/t = not tested   n/d = not detected 



 

Figure 1   Particle Size Distribution of Raw Silts 

Stockpiled Fly Ash Glass Cullet 

Quarry Silt 

Figure 2   Microstructure of Raw Silts 



Phase 2a: Upsizing to Sand – Optimum Silt Content 

The main aim of the research is to utilise as much silt as possible into foamed concrete.  

Initial test mixes where carried out on three Portland cement/silt ratios (i.e. 1:1, 1:2 

and 1:3) with a target flow of 230mm for self-compaction and a target plastic density 

of 850 kg/m³. The ability of foamed concrete to flow is paramount to achieve self-

compaction and the workability of mixes is controlled by the water content and to 

ensure that each mix achieved the required workability, the amount of water required 

to achieve a particular flow was established.   

Figure 3 shows that the quarry silt, glass cullet and stockpiled fly ash required minimal 

increase in water content, as the cement/silt ratio increased.  Although the water 

demand of stockpiled fly ash normally is found to increase in normal weight concrete 

due to the agglomerated particles over a long period of exposure to water22 and this 

phenomenon can be seen in SEM images in Figure 2, only an increase of 

approximately 15% of water was not required to achieve flow when cement/silt ratio 

was 1:3.  The total surface area of silts were determined using nitrogen absorption, 

and results in Table 2 show that the total surface area of fly ash was found to be 8.0 

m²/g.  Comparing these to the quarry silt (2.9 m²/g) and glass cullet (1.0 m²/g), this 

would indicate that the increased surface area had minimal effect on water demand.   

 

Figure 3   Water Requirement for 230 mm Flow 



Phase 2a: Upsizing to Sand – Foam Concrete Properties 

In order to utilise as much silt as possible a foamed concrete containing an optimum 

cement:silt ratio of 1:3 was produced (with a target plastic density of 1250kg/m³ - the 

highest plastic density to ensure a suitable strength for crushing) using mix proportions 

given in Table 3 with the fresh and hardened properties given in Table 4.  It would 

seem that using glass cullet achieves the highest compressive strength, however it 

was noted that the surfactant used in these mixes produced a foamed that had less 

stable bubbles, therefore this may result in a higher paste mix and therefore give 

relatively high compressive strengths, although the plastic and hardened densities 

were not higher than the other mixes. 

 

Table 3   Silt Foamed Concrete Mix Designs 

Silt Type 
Batch Weights, kg Total 

w/c 
ratio* 

Total 
w/f 

ratio$ 
Portland 
cement 

Silt& Total 
water% Foam 

Stockpiled Fly Ash 225 750 405 27 1.80 0.45 
Glass Cullet 225 675 385 27 1.71 0.43 
Quarry Silt 225 870 360 33 1.60 0.40 

*w/c: water/cement, $w/f: water/fines (cement+silt)  
& silt used as received %includes water content of silt 

 

Table 4   Fresh and Hardened Properties of Silt Foamed Concrete  

Silt Type 
Slump 

flow, mm

Density, kg/m³ 
Compressive cube 

strength, N/mm² 

Plastic 
Hardened
(28 days)

7  
days 

14 
days 

28 
days 

Stockpiled Fly Ash  245 1300 1200 1.0 1.4 2.0 
Glass Cullet 250 1330 1295 1.8 2.5 4.8 
Quarry Silt 240 1270 1250 0.6 0.7 1.0 

*sealed cured 

 

Phase 2b: CO2 Treatment 

After crushing, the particles were placed in a carbonation chamber, with a partial 

pressure of 8% CO2, for 10 days after which full carbonation was achieved and the 

amount of CO2 sequestration was measured using TG.  It must be noted that the heat 



decomposition temperature of calcium carbonate is normally between 700 and 900°C, 

however, for this paper, the total amount of carbon dioxide was calculated as the 

heating weight loss from 400°C to 900°C.  This was to include magnesium carbonate 

at 540°C and carbon dioxide adsorbed on the surface and dissolved in the adsorbed 

water.  The CO2 content was then calculated from weight of loose bulk density and 

results are given in Table 6.  Figure 4 shows the typical microstructure of silt sand (in 

this case, glass cullet) before and after being exposed to CO2.  Although there appears 

to be no calcite in the form of calcium carbonate (usually seen as cuboidal crystals), 

the calcium carbonate may be present in other mineralogical forms e.g. vaterite or 

aragonite or other disordered, amorphous forms. 

 

Prior to carbonation 

Carbonated 
 

Figure 4   Typical Microstructure of Foamed Sand Prior and Post Carbonation  
(Glass Cullet Silt Sand) 

 



Phase 2c: Silt sand characterisation 

The foamed concretes were processed into sand by crushing using a laboratory jaw 

crusher and then graded to match the reference natural glacial sand (Fife gravel) and 

Figure 5 show typical particle shape and roughness of a silt sand prior to grading.  

Table 6 shows the physical and mechanical properties of the resulting sand.  Water 

absorption ranged from 14.0% and 22% by mass, which is within the range reported 

for recycled or synthetic aggregates23, 24.  The bulk density of silt sands ranged from 

800 kg/m³ and 960 kg/m³ and thus the material would be classified as a lightweight 

aggregate in accordance with BS EN 1262025.  The particle strength of the sand was 

in the range of 4.7 and 6.0 N/mm². 

 
*units are shown in mm 

Figure 5   Ungraded Stockpiled Fly Ash Sand 

 

 
Table 6   Properties of Graded Silt Sand* 

Sand Type* 

Property 
Sequentrated
CO2 content, 

kg/m³ 
Absorption£,  
% by mass 

Bulk density$, 
kg/m³ 

Sand particle 
strength%,  

N/mm²
Stockpiled Fly Ash 18.0 800 4.7 56 
Glass Cullet 22.0 900 4.8 55 
Quarry Silt 14.0 960 6.0 61 

* silt sand sieved using BS EN 1262025 sieves recommended for sand and then recombined to give a 
PSD equal to a local glacial sand, £BS EN 1097-618, $BS EN 1097-317, %BS EN 13055-119 

 



Phase 3: Mortar Tests 

The effect of replacing natural sand with silt sand in mortar was tested using standard 

mix proportions in BS EN 196-121 (i.e. 450g cement, 225g water and 1350g sand).  In 

these mixes the natural sand was replaced at 20% and 50%, by volume and the 

amount of silt sand required was calculated on the respective bulk densities (as is 

industry standard practice)26.  Table 7 shows the effect of silt sand on the workability 

of mortar by measuring flow spread and results indicate that there is no loss in 

consistency using the manufactured sand.  

 

Table 7 Mortar Results Containing Recycled Silt Sand 

Sand 
Effective 
free w/c 

ratio* 

Flow 
spread, 

mm 

Compressive cube 
strength+, N/mm² 

Flexural 
strength, 
N/mm² 

3 days 7 days 28 days 28 days 
Local Glacial 
Sand  

0.50 175 40.5 48.0 55.0 8.20 

20% replacement level, by vol. 
Stockpiled 
Fly Ash 

0.50 175 37.5 48.0 53.0 8.20 

Glass Cullet 0.52 190 30.0 35.0 45.5 7.85 
Quarry Silt 0.49 170 35.5 45.0 55.5 7.55 
50% replacement level, by vol. 
Stockpiled 
Fly Ash 

0.50 170 34.0 41.0 44.0 7.10 

Glass Cullet 0.55 185 24.5 28.0 36.0 6.15 
Quarry Silt 0.49 175 31.0 39.5 46.5 6.70 

+ Equivalent cube strength: BS EN 196-121 * based on 15% absorption values (estimated) of silt sand 

 

Table 7 also gives the compressive strengths for 3, 7 and 28 days and flexural strength 

at 28 days.  The results show that the different sands give similar mortar strength up 

to 28 days at the 20% replacement level.  With the 50% replacement level the effect 

of the lightweight aggregate is more obvious with a consequent decrease in strength 

as the density of the mortar decreases27.  Although, only data up to 28 days is given 

here, there is evidence from other research work at Dundee that fly ash based on 

synthetic sand undergoing a pozzolanic reaction, however, the effect on strength is 

unknown. 



Differences in strength results for glass cullet silt sand can be attributed to absorption 

values of the sands (and subsequently the free w/c ratio) as they were difficult to 

quantify and, therefore, actual absorption may be lower than that measured.  The 

excess of free water would, therefore, have reduced the effective free water/cement 

ratio, compared to that originally batched.   

The actual absorption values were estimated to be 15%, which is much lower than the 

measured 18% and 22% for fly ash and glass cullet respectively and both flow results 

and compressive strength results reflect this.  It can, therefore, be concluded that the 

physical properties of the sand (i.e. density and strength) do not affect the strength of 

mortar (at both replacement levels).   

CONCLUSIONS 

This paper has established that stockpiled fly ash can be successfully be up-sized into 

foamed concrete and processing (crushing) to produce a synthetic sand suitable for 

use in mortar or concrete.  It also highlights that the physical properties of the raw 

material does not affect its potential for recycling.  The following summarises the key 

observations of the project; 

The particle size of silts obtained were <340m and densities ranged from 2060 kg/m³ 

to 2710 kg/m³.  The specific surface area was found to range from 1.0 to 8.0 m²/g 

whilst loss-on-ignition (LOI) values ranged from 2% to 15.0%.  The sulfate content of 

the stockpiled fly ash silts was 2%.   

In order for foamed concrete, containing silt material, to be self-compacting, the water 

and foam content should be adjusted to give a 230mm flow spread when a Portland 

cement:silt ratio of 1:3 is used.  It can be concluded that the agglomeration associated 

with conditioned fly ash as had a negligible impact in the amount of water required. 

The uptake of CO2 (expressed as a percentage of the Portland cement content) is 

similar, i.e. 2.2-3.0% (by mass).  This shows that the foamed concrete sands made 

with the three silts have similar diffusivity to CO2 and similar degrees of carbonation, 

which is essentially defined by the Portland cement content.   

Silt sands can be classified as a lightweight aggregate with typical bulk densities 

between 900 and 960 kg/m³.  



As with most recycled or synthetic aggregates, the water absorption of silt sand, was 

found to be high, and varied between 14% and 22%.  This makes it difficult to 

determine whether the material is actually at the correct saturated surface dried 

condition during testing, therefore easy to over or under estimate the correct total 

water content values.   

The compressive strength results of mortar indicated that there is a minimal change in 

strength at 20% replacement (<4%) and a 20% reduction at 50% replacement.  

The next step in this work is to remove the Portland cement content and alkali activate 

a material such as fly ash directly with a waste source.  However, an accurate 

environmental impact analysis will be necessary to ensure this is the more  

sustainable option.  Work is also underway to utilise a warm (>30oC) stream of  

CO2-enriched flue gas from a Portland cement works to more rapidly carbonate the 

synthetic sand. 
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