
 

Proceedings ICSBM 2019 Volume 4 - Waste recovery,
treatments and valorization
Citation for published version (APA):
Caprai, V., & Brouwers, J. (Eds.) (2019). Proceedings ICSBM 2019 Volume 4 - Waste recovery, treatments and
valorization. Technische Universiteit Eindhoven.

Document status and date:
Published: 01/11/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/e80fc6ea-0c2f-4e83-84e3-28344aec9bf0


617617

PROCEEDINGS ICSBM 2019
VOLUME 4 - Waste recovery, treatments and vaorization

2nd International Conference on Sustainable Building Materials

August 12-15, 2019 - Eindhoven, The Netherlands
Editors: V. Caprai and H.J.H. Brouwers

In cooperation with
Wuhan University 

of  Technology

Organized by 
Eindhoven University 

of  Technology

and supported by



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

618

IC
SBM

 2019

ICSBM 2019, Conference proceedings

A catalogue record is available from the Eindhoven University of  Technology Library

ISBN of  the volumes set: 978-90-386-4898-9

ISBN of  Volume 4: 978-90-386-4913-9

Sponsored by: CRH, Eltomation - Wood cement board plant, Tata Steel Europe (Gold 
sponsors), VDZ, PCA (Bronze Sponsors).

Front page image: V. Caprai

Editors: V. Caprai and H.J.H. Brouwers

Organizing committee:

Conference Chairman: Prof. H.J.H. (Jos) Brouwers, Eindhoven

Conference Co-Chairman: Prof. Wen Chen, Wuhan

Conference Secretary: Mrs V. (Veronica) Caprai and Dr. M.V.A. (Miruna) Florea, Eindhoven

Dr. Qiu Li, Wuhan

Dr. Bo Yuan, Wuhan

Dr. Q. Yu, Eindhoven

Dr. F. Gauvin, Eindhoven

Dr. K. Schollbach, Eindhoven

Mr. Y. Chen, Eindhoven

Mrs. L.T.J. Harmsen, Eindhoven

Mrs. N.L. Rombley, Eindhoven



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

619

IC
SB

M
 2

01
9

Table of  Contents

Stress-strain behaviour of  steel confined recycled aggregate concrete

M.J. Munir, S.M.S. Kazmi, Y.F. Wu, I. Patnaikuni ...................................................................... 6

Influence of  different recycled concrete aggregate treatment methods on the performance 
of  concrete: a comparative assessment

S.M.S. Kazmi, M. J. Munir, Y.F. Wu, I. Patnaikuni ..................................................................... 17

Effects of  Recycled Aggregates on Concrete Compressive Strength

N. Siddiqui, M. Nasir, I. Nasir, D. Memon ................................................................................. 30

Increasing the reactivity of  modified ferro silicate slag by chemical adaptation of  the 
production process

P.P. Sivakumar, L. Arnout, T. Lapauw, E. Gruyaert, N. De Belie, S. Matthys ....................... 36

Sustainable Recycling of  Concrete Fine from Demolition

R. Meglin, S. Gilg, D. Wlodarczak, S. Stürwald, S. Kytzia ........................................................ 47

Water absorption methods for fine recycled concrete aggregates

L. Green Pedersen, L.M. Ottosen  ............................................................................................... 62

Screening Untreated Municipal Solid Waste Incineration Fly Ash for Use in Cement-Based 
Materials – Chemical and Physical Properties 

B.A.R. Ebert, B.M. Steenari, M. R. Geiker, G.M. Kirkelund ................................................... 63

Qualification of  Biomass Derived Ashes for Application as a Cement Replacement and 
Quantification of  Biomass Streams in The Netherlands

N. Mühleisen, H. Jonkers, L. Tosti ............................................................................................... 75

Qualification of  the residual reactivity of  compacted recycled aggregates

Y. Hou, P. Mahieux, J. Lux, P. Turcry, A. Aitmokhtar ............................................................... 93

Production of  Synthetic Wollastonite Mineral By Using Industrial Waste Materials 

H.E. Yücel, H.Ö. Öz, O. Ersoy, M. Güneş, Y. Kaya ................................................................. 109

Sewage sludge ash as resource for phosphorous and material for clay brick manufacturing

L.M. Ottosen, I.M.G. Bertelsen, P.E. Jensen1 & G.M. Kirkelund1 ........................................ 119

Treatments to improve biomass fly ash quality

K. Ohenoja & M. Illikainen .......................................................................................................... 132

Leaching behaviour of  metals from mine tailings utilized as partial cement replacement 
in cement-based building materials 

A.T. Simonsen, P. E. Jensen .......................................................................................................... 133



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

620

IC
SBM

 2019

Carbonation of  recycled concrete aggregates: the effects of  carbonation conditions on key 
aggregate properties 

A. Gholizadeh-Vayghan, A. Bellinkx, R. Snellings .................................................................... 135

Quantification of  Remaining Unhydrated Cement in Concrete Waste

D. Kulisch, A. Katz ........................................................................................................................ 146

Mechanism and kinetics of  binding of  meat and bone meal ash into the Portland cement 
clinker

T. Staněk, P. Sulovský, M. Boháč .................................................................................................. 157

The impact of  slag fineness on the reactivity of  blended cements with high-volume non-
ferrous metallurgy slag

V. Hallet, N. De Belie, Y. Pontikes ............................................................................................... 170

Characteristics of  mechanically activated converter steel slag

Long term weathering of  converter slag

K. Schollbach, S. van der Laan ..................................................................................................... 186

The leaching characteristics of  chelatant- and water-based treated  Municipal Solid 
Waste Incineration (MSWI) fly ash  

E. Loginova, M. Proskurnin, H.J.H. Brouwers .......................................................................... 195

Synthesis optimization for hydrophobic surface modification of  MSWI bottom ash fines

Q. Alam, T. Dezaire, F. Gauvin, and H.J.H. Brouwers ............................................................. 210

Methods for determining and tracking the residual cement paste content of  recycled 
concrete 

P.M.F. van de Wouw, M.V.A. Florea, H.J.H. Brouwers ............................................................. 218

The Optimized Application of  Treated MSWI Bottom Ash in Concrete Mixtures 

M.V.A. Florea1, A. Keulen, H.J.H. Brouwers ............................................................................. 226

Characterization of  air granulated converter slag and its leaching behaviour

M. J. Ahmed, K. Schollbach, M.V.A. Florea, S.R. Van Der Laan, H.J.H Brouwers .............. 239

Sodium hydroxide/carbonate activated GGBS-fly ash mortars incorporating recycled 
waste glass

G. Liu, M. V. A. Florea, H. J. H. Brouwers ................................................................................. 247

Circular Economy , key to sustainable construction

B. (Bauke) Hoekstra Bonnema ..................................................................................................... 254



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

621

Volume 4 

Waste recovery, treatments and 
valorization



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

622

IC
SBM

 2019
ID

 019

Stress-strain behaviour of  steel confined 
recycled aggregate concrete

M.J. Munir1, S.M. S. Kazmi1, Y.F. Wu1, I. Patnaikuni1

1School of  Engineering, RMIT University, 376-392 Swanston St, Melbourne, Victoria-3001, Australia.

Abstract 

 Currently, utilization of  recycled concrete aggregates is limited to non-structural applications owing to 
inferior properties. On the other hand, effect of  confinement due to transverse reinforcement is ignored in 
the current design practice of  concrete compression members. The focus of  this study is to improve the 
performance of  recycled aggregate concrete through confinement by pre-existing transverse reinforcement 
i.e., steel spirals in compression members leading towards sustainable construction. For this purpose, 
concrete cylinders were cast with 0%, 50% and 100% replacement ratios of  recycled concrete aggregates and 
confined by steel spirals having pitches of  20 mm, 30 mm and 40 mm. Axial stress-strain behaviour of  steel 
confined recycled aggregate concrete was examined in this study. Results showed that improved ductility 
and post peak behaviour were observed with the increase in confinement pressure. Increase in peak stress, 
peak strain and ultimate strain of  concrete specimens was also observed with the increase in confinement 
pressure. Concrete specimens having 50% and 100% replacement ratio of  recycled concrete aggregates and 
confined with 20 mm pitch of  spiral reinforcement showed peak stresses higher than unconfined control 
specimens. Moreover, all the confined recycled aggregate concrete specimens showed peak strain, ultimate 
strain and toughness higher than unconfined control specimens. Currently, no such work is available in the 
extant literature to predict the axial stress-strain behaviour of  steel confined recycled aggregate concrete. 
Based on the experimental results, a stress-strain model is proposed in this study. For this purpose, the 
effect of  replacement ratios of  recycled concrete aggregates is incorporated by modifying the parameters 
of  stress-strain model for spirally confined normal aggregate concrete. The proposed model can effectively 
predict the stress-strain behaviour of  both steel confined normal and recycled aggregate concrete.

Keywords: Spiral steel confinement, Recycled aggregate concrete, Axial stress-strain behaviour.

1. Introduction

A large amount of  construction and demolition waste is produced every year around the globe. 
Approximately, 0.2 billion tons of  concrete waste is produced annually in mainland of  China [1]. Many 
attempts have been made by the researchers to use concrete waste as a raw material in the production of  
new concrete termed as recycled aggregate concrete (RAC). However, RAC shows inferior properties as 
compared to normal aggregate concrete (NAC). Utilization of  recycled concrete aggregates (RCA) in the 
production of  concrete resulted into 20% and 40% reduction of  compressive strength and elastic modulus 
as compared to NAC, respectively [2, 3]. Due to inferior performance, practical applications of  RAC are 
very limited. 

Various techniques were adopted by the researchers to improve the performance of  RAC [4-6]. For this 
purpose, either the adhered mortar is removed or strengthened. To remove the adhered mortar, techniques 
such as mechanical grinding, heat grinding, pre-soaking in water and pre-soaking in acid are used [7, 8]. 
Similarly, treatment of  RCA through polymer emulsion, pozzolan slurry, calcium carbonate bio deposition, 
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sodium silicate solution and carbonation can strengthen the adhered mortar [7, 8]. However, most of  these 
techniques are not energy efficient and cost-effective solutions to improve the properties of  RAC. Concrete 
production cost can be increased to a great extent by adopting these techniques. Moreover, processing of  
a large amount of  RCA is not a feasible solution for the construction industry. Therefore, there is still an 
utmost need to improve the properties of  RAC by adopting an energy efficient and cost-effective solution.

Inferior performance of  RAC can also be improved through different confinement techniques. Xiao et 
al. [9] and Zhao et al. [10] explored the use of  fibre reinforced polymer (FRP) as the confining material 
for RAC. Improved strength was observed for RAC confined with FRP as compared to conventional 
concrete. Spiral steel can also be used to confine RAC. This article focuses on the behaviour of  RAC 
cylinders confined with steel spirals. For this purpose, twenty-seven concrete cylinders confined by spiral 
reinforcement with varying confinement pressures and replacement ratios of  RCA were tested under 
axial compression. Currently, no model is available in the extant literature to predict the axial stress-strain 
behaviour of  steel confined RAC. Based on the experimental results, a stress-strain model is also proposed 
in this study. For this purpose, the effect of  replacement ratios of  RCA is incorporated by modifying the 
parameters of  stress-strain model for spirally confined NAC. The proposed model can effectively predict 
the stress-strain behaviour of  both steel confined NAC and RAC.

2. Methodology

2.1 Materials
In this study, normal concrete aggregates (NCA) and RCA were used with maximum size of  14 mm. Table 
1 shows the physical properties of  these aggregates. Particle size distribution of  NCA and RCA is shown 
in Figure 1.

Mix designs of  concrete used during the study are presented in Table 2. The steel spirals were made of  3 
mm diameter wire and had the yield strength of  688 MPa. The cross-sectional area of  the spiral is 7.55 mm2.
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Figure 1: Particle size distribution of  coarse aggregates.

Table 1: Physical characteristics of  coarse aggregates.

Physical characteristic NCA RCA

Bulk density (kg/m3) 1512 1413

Specific gravity 2.53 2.32

Water absorption (%) 2.06 7.61
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Table 2: Details of  mix designs.

RCA replacement ratio Cement Sand NCA RCA Water 

% kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

0 451.5 708.7 822.5 - 202.1
50 451.5 708.7 411.3 411.3 224.9
100 451.5 708.7 - 822.5 247.5

2.2 Methods
Twenty-seven (27) concrete cylinders (150 x 300 mm) confined by spiral reinforcement (with no longitudinal 
reinforcement and concrete cover) having 20 mm, 30 mm and 40 mm pitches of  spirals and 0%, 50% and 
100% replacement ratios of  RCA were prepared and tested under axial compression. Table 3 shows the 
details of  test specimens.

Table 3: Details of  test specimens.

Specimen label Pitch of  spiral Replacement ratio of  RCA

mm %

R0 - 0

R50 - 50

R50S20 20 50

R50S30 30 50

R50S40 40 50

R100 - 100

R100S20 20 100

R100S30 30 100

R100S40 40 100

All the specimens were tested using an MTS machine and axial displacement of  the specimens was measured 
through two linear variable displacement transducers.

3. Results and discussion

3.1 Effect of  RCA replacement ratios
Stress-strain behavior of  concrete specimens is presented in Figure 2. A higher initial slope and peak were 
observed in case of  R0 specimens as compared to R50 and R100 specimens. For R0 specimens, descending 
part of  the curve was also observed higher in comparison with R50 and R100 specimens. 
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(b)

(c)

Figure 2: Effect of  replacement ratios of  RCA on stress-strain curves of  concrete specimens.

This may be attributed to the sudden collapse i.e., more brittle failure of  R50 and R100 specimens after the 
peak load as compared to R0 specimens. In previous study, Xiao et al. [11] also observed steeper descending 
branches of  stress-strain curves of  RAC as compared to NAC. The curves of  R50S20, R50S30 and R50S40 
were also observed higher than R100S20, R100S30 and R100S40, respectively. However, confinement effect 
was observed more prominent in case of  confined R100 (R100S20, R100S30 and R100S40) specimens than 
confined R50 (R50S20, R50S30 and R50S40) specimens. In previous study, Wang et al. [12] also reported 
increase in strength and ductility enhancement of  confined concrete with the reduction in concrete strength. 
Therefore, steel confinement is an effective way to improve the performance of  RAC.

3.2 Effect of  confinement pressures
Stress-strain behavior of  RAC with respect to different confinement pressures is presented in Figure 3. 
All the stress-strain curves showed a linear relationship in the ascending branch however, ductility and 
post peak behavior were observed different with the increase in confinement pressure. Higher stress-strain 
curves of  RAC were observed for high confinement pressures as compared to low confinement pressures 
and unconfined concrete specimens. Figure 3 shows the movement of  peak strain towards the right side 
of  the curve with the increase in confinement pressure. Specimens with high confinement pressure also 
showed high energy dissipation capacity through increase in area under the curve as compared to specimens 
with low confinement pressure or unconfined specimens. All the unconfined specimens showed brittle 
behavior whereas, ductility enhancement was observed in case of  confined specimens with the increase in 
confinement pressure. This may be related to the increase in effective area of  confined concrete core with 
the decrease in pitch of  spiral reinforcement [12   It can be seen that increase in confinement pressure 
significantly affected the compressive strength, stiffness and energy absorption capacity of  RAC.

 

(a)       (b)

Figure 3: Effect of  confinement pressures on stress-strain curves of  concrete specimens.
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3.3 Stress-strain relationship
Table 4 shows the results of  peak stress, peak strain, ultimate strain, modulus of  elasticity and toughness of  
concrete specimens obtained through stress-strain curves. With the increase in replacement ratio of  RCA, 
reduction in peak stress, peak strain, ultimate strain, elastic modulus and toughness was observed. However, 
increasing confinement pressure improved the peak stress, peak strain, ultimate strain and toughness of  
specimens. Still, all the confined specimens showed further reduction in elastic modulus of  concrete, which 
may be attributed to the shrinkage of  concrete around spiral reinforcement.  According to the theory of  
the multiaxial stress state, peak stress of  concrete can be greatly enhanced through lateral confinement 
pressure [12]. Various researchers also reported the improvement in performance of  concrete through 
lateral confinement [12, 13]. 

Concrete specimens having 50% and 100% replacement ratio of  RCA and confined with 20 mm pitch 
of  spiral reinforcement showed peak stresses higher than unconfined control specimens. Moreover, all 
the confined RAC specimens showed peak strain, ultimate strain and toughness higher than unconfined 
control specimens. Therefore, inferior performance of  RAC can be improved by providing the confinement 
through spiral reinforcement.

Table 4: Test results of  concrete specimens.

Specimen label Peak stress Peak strain Ultimate strain Elastic modulus Toughness

MPa MPa MPa

R0 49.7 0.0025 0.0031* 24300 0.07
R50 41.5 0.0023 0.003* 24300 0.06

R50S20 54.5 0.0049 0.0194+ 20500 0.18

R50S30 48.5 0.0036 0.0144+ 21400 0.12
R50S40 45.1 0.0035 0.0118+ 21500 0.10
R100 38.2 0.0022 0.0026* 22000 0.05

R100S20 52.3 0.0046 0.02+ 21000 0.17
R100S30 46.5 0.0035 0.0148+ 21300 0.11
R100S40 42.8 0.0033 0.012+ 21500 0.10

* with respect to sudden drop of  load

+ with respect to first fracture of  spiral

3.4 Analytical modelling

3.4.1 Database and existing models
Table 5 shows the summary of  experimental database used in this study. As most of  the experimental 
studies involve the role of  longitudinal reinforcement, limited test results are available in the literature 
regarding the effect of  spiral steel confinement on concrete. Moreover, no data is available in the present 
literature regarding stress-strain behaviour of  spiral steel confined RAC. Table 6 presents the summary of  
existing stress-strain models for peak stress and peak strain of  spiral steel confined NAC. 

 In the models, and  are the peak stresses of  confined and unconfined concrete specimens, respectively; 
and  are the peak strains (i.e., strain corresponding to peak stress) of  confined and unconfined 

concrete specimens, respectively;  is the confinement pressure;  and are the yield strength and 
diameter of  spiral steel reinforcement, respectively;  and  are the cross-sectional areas of  spiral and 
longitudinal steel reinforcement, respectively;  is the centre to centre spacing of  spiral steel reinforcement 
and  is the diameter of  confined concrete specimens.
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Table 5: Summary of  experimental database.

Researchers Diameter Number
Concrete strength Confining pressure 

Type of  concrete

mm MPa MPa
Richart et al. [14]

254 18 14.7 1.0-10.4 NAC

Mander et al. [15]
500 15 24.0-32.0 1.0-4.3 NAC

Sheikh and Toklucu [16]
203-356 27 29.7-30.5 1.7-6.8 NAC

Assa et al. [17]
145 24 25.0-85.0 2.5-28.3 NAC

Li et al. [18]
240 14 52.0-82.5 1.8-20.2 NAC

Wei and Wu [19]
150 12 36.4 3.2-12.9 NAC

Present study 150 18 37.2-43.0 1.8-3.5 RAC

3.4.2 Stress-strain behaviour
In this study, Mander et al. [22] model (for spiral steel confined NAC) is used to predict the stress-strain 
behaviour of  spiral steel confined RAC. The model is expressed as follows:

(1)

where

(2)

(3)

(4)

Where,  is the elastic modulus of  concrete specimens. Parameters such as  and  are considered 
critical in the above-mentioned model to determine the behaviour of  spiral steel confined concrete 
specimens. In this study, these parameters are predicted for steel confined NAC through different existing 
models using the experimental database. Then, the best performing model is selected and further modified 
to incorporate the effect of  RCA replacement ratios.

Table 7 presents the comparison between different existing models in predicting the peak stress and peak 
strain of  spiral steel confined NAC. The performance of  existing models is evaluated using the following 
error index [19]:

(5)

where n is total number of  confined concrete specimens and Exp. & Ana. are experimental and analytical 
results of  specimens, respectively. Based on the error index, Wei and Wu [19] model can be considered as 
the best performing model to predict the peak stress and peak strain of  steel confined NAC. In this study, 
Wei and Wu [27] model is further modified to incorporate the effect of  RCA replacement ratios. For this 
purpose, regression analysis of  the experimental database is performed and following model is proposed.

(6)

(7)
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where

(8)

(9)

Where, R is the RCA replacement ratio ranging from 0 (i.e., 0% RCA replacement ratio) to 1 (i.e., 100% 
RCA replacement ratio). 

Table 6: Existing models for spiral steel confined NAC.

Model Peak stress Peak strain Parameters
Richart et al. 

[20]

Shah et al. 
[21]

Mander et al. 
[22]

El-Dash and 
Ahmad [23]

Hoshikuma 
et al. [24]

Razvi and 
S a a t c i o g l u 

[25]

Assa et al. 
[17]

Li et al. [18]

Wei and Wu 
[19]
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Table 8 shows the performance of  proposed model to predict the peak stress and peak strain of  both steel 
confined NAC and RAC. It is observed that the proposed model can be effectively used to predict the peak 
stress and peak strain of  both steel confined NAC and RAC with an average error index of  5% and 14%, 
respectively. Equation 4 for elastic modulus of  concrete specimens is also further modified to incorporate 
the effect of  RCA replacement ratios as follows:

(10)

Table 7: Prediction of  peak stress and peak strain for steel-confined NAC.

Model

fcc/fc Ɛcc/Ɛco

fcc, ana. / 
fcc, Exp.

SD COV 
Error 
index 

Ɛcc, ana. / 
Ɛcc, Exp.

SD COV 
Error 
index 

% % % %
Richart et al. [20]

1.02 0.13 13.08 11.86 1.06 0.23 24.25 19.74

Shah et al. [21]
0.79 0.17 13.21 19.62 0.87 0.34 29.72 26.17

Mander et al. [22
]

1.05 0.12 12.85 12.10 1.15 0.24 27.65 21.91
El-Dash and Ahmad [23]

0.88 0.22 19.41 12.35 0.48 0.86 41.13 111.75

Hoshikuma et al. [24]
1.34 0.14 19.16 39.67 1.46 0.18 26.97 32.33

Razvi and Saatcioglu [25]
1.09 0.11 11.86 13.63 0.91 0.33 30.43 25.91

Assa et al. [17]
0.84 0.11 9.27 15.15 0.80 0.35 28.06 31.55

Li et al. [18]
1.01 0.41 41.24 22.07 1.94 0.35 66.94 53.14

Wei and Wu [19]
1.02 0.11 11.59 10.26 1.07 0.23 24.26 19.78

Proposed 1.02 0.11 11.59 10.26 1.07 0.23 24.26 19.78
SD = Standard deviation & COV = Coefficient of  variation

Ultimate strain (i.e., strain corresponding to first fracture of  spiral steel reinforcement) of  spiral steel 
confined NAC and RAC can also be calculated by equation 11, which is modified form of  ultimate strain 
model proposed by Wei and Wu [19] .

(11)

Where,  is the utimate strain of  steel confined specimens and  is the fracture strain of  spiral steel 
reinforcement. 

Table 8: Prediction of  peak stress and peak strain for steel-confined NAC and RAC.

Model

fcc/fc Ɛcc/Ɛco

fcc, ana. / 
fcc, Exp.

SD COV Error 
index 

Ɛcc, ana. / 
Ɛcc, Exp.

SD COV Error 
index 

% % % %

Proposed 1.01 0.05 5.36 4.77 1.01 0.14 13.57 14.37
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3.4.3 Performance of  model
Figure 4 presents the comparison between the experimental and analytical stress-strain curves of  spiral 
steel confined RAC. The analyical stress-strain curves are observed close to the experimental results. Based 
on the results, proposed model can be effectively used to predict the stress-strain curves of  spiral steel 
confined NAC and RAC. However, the proposed model is based on a limited test database and detailed 
experimental study is required to further improve the model. 

(a)       (b)

(c)

(c)      (d)

(e)

(e)      (f)

Figure 4: Comparison of  proposed stress-strain model with experimental results of  steel confined 
RAC.
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4. Conclusions

This article focuses on the behavior of  RAC cylinders confined with steel spirals. For this purpose, 
twenty-seven concrete cylinders confined by spiral reinforcement with varying confinement pressures and 
replacement ratios of  RCA were tested under axial compression. Based on the study, following conclusions 
are drawn:

• Improved ductility and post peak behaviour of  confined recycled aggregate concrete specimens were 
observed with the increase in confinement pressure.

• Increase in peak stress, peak strain and ultimate strain of  concrete specimens was also observed with 
the increase in confinement pressure. 

• Concrete specimens having 50% and 100% replacement ratio of  recycled concrete aggregates and 
confined with 20 mm pitch of  spiral reinforcement showed peak stresses higher than unconfined 
control specimens.

• All the confined recycled aggregate concrete specimens showed peak strain, ultimate strain and 
toughness higher than unconfined control specimens.

• Increase in confinement pressure improves the stress-strain behaviour of  specimens. Therefore, inferior 
performance of  RAC can be improved by providing the confinement through spiral reinforcement.

• Based on the experimental results, a stress-strain model is proposed in this study. For this purpose, 
the effect of  replacement ratios of  recycled concrete aggregates is incorporated by modifying the 
parameters of  best performing stress-strain model for spirally confined NAC.

• The proposed model can effectively predict the stress-strain behavior of  both spiral steel confined 
NAC and RAC.
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Abstract 

Rapid urbanization and infrastructure development around the globe is causing surge in the construction 
and demolition (C&D) waste generation resulting into exhaustion of  natural resources and waste disposal 
problems. Recycling of  C&D waste in the concrete is considered a sustainable way. However, recycled 
concrete aggregates (RCA) with inferior properties are produced as compared to virgin natural aggregates. 
This study aims to improve the RCA performance utilizing different treatment methods and to evaluate 
the properties of  the resulting recycled aggregate concrete (RAC). For this reason, modified carbonation 
treatment along with four other treatment methods (i.e. carbonation, acetic acid immersion, acetic acid 
immersion with rubbing and acetic acid immersion with carbonation) were adopted to improve the quality 
of  RCA. Variety of  physical properties of  RCA were evaluated to understand the effect of  treatment 
methods. Compressive, split tensile and flexural strength tests were performed on all the concrete mixes 
incorporating treated RCA. Moreover, stress-strain behavior of  RAC with treated and un-treated RCA was 
also studied. 20% and 17% drop in the water absorption was observed for the RCA treated by the modified 
carbonation and carbonation techniques, respectively. Decrease in the crushing value was also observed 
for the all the treated RCA. Mechanical properties of  RAC incorporating treated RCA were also enhanced, 
with the maximum improvement observed for mixes having RCA treated by the modified carbonation 
and acid immersion with rubbing methods. For instance, 24% and 28% rise in compressive strength was 
noticed in the modified carbonation and acid immersion with rubbing treated RCA mixes, respectively. 
Scanning electron microscopy of  RAC incorporating treated RCA also showed a dense microstructure as 
compared to un-treated RCA mix. Therefore, RCA treated by modified carbonation and acid immersion 
with rubbing techniques can be used in the production of  sustainable concrete having enhanced mechanical 
performance leading towards eco-friendly and clean construction.

Keywords: Recycled aggregate concrete, accelerated carbonation treatment, acid treatment, mechanical 
performance, stress strain behaviour.

1. Introduction

Swift development, population growth and industrialization around the globe are generating huge amount 
of  construction and demolition (C&D) waste. On the other hand, natural resources are being depleted and 
shortage of  landfill sites is also becoming a major problem nowadays. For instance, China produces around 
200 million tons [1], while Japan, USA and European countries generate about 900 million tons of  C&D waste 
each year [2] . Similarly, Australia produces around 7.5 million tons of  C&D waste annually [3] . Therefore, 
recycling of  C&D waste in new construction projects in the form of  recycled concrete aggregates (RCA) 
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is considered as the best possible way to protect environment and preserve natural resources. Utilization 
of  RCA in the new construction projects has already been promoted by many countries worldwide [4] . 
However, inferior properties of  RCA as compared to natural coarse aggregates (NCA) result into lower 
quality concrete in terms of  mechanical and durability performance [4, 5] . This reduction of  mechanical 
and durability performance of  recycled aggregate concrete (RAC) may be attributed to the old adhered 
mortar with RCA and higher amount of  interfacial transition zone (ITZ) in the RAC as compared to 
natural aggregate concrete (NAC) [6, 7]. Replacement of  RCA with NCA results into the reduction of  
the compressive strength and elastic modulus of  concrete [4, 8-10]. 20-40% loss in split tensile strength 
was also reported by previous researchers [11, 12] . Flexural strength and modulus of  elasticity of  RAC 
was also dropped in the past studies [12-15] . Due to inferior performance of  RAC as compared to NAC, 
application of  RCA is restricted to low level non-structural applications such as road subbase material 
[4] . Enhancement of  the inferior properties of  RCA has been studied by many researchers in the past 
[16] . Different techniques were adopted to improve the performance of  RAC including improvement of  
concrete mixing method, coating of  RCA, addition of  supplementary cementitious materials (SCM) in 
RAC, removal of  adhered mortar from RCA surface [4, 16] . Altering the concrete mixing method by using 
two stage mixing and triple stage mixing with SCM  can surge the compressive strength of  RAC [17-19] . 
RCA surface coating is another positive method for the enhancement of  inferior performance of  RCA’s. 
For example, higher density resulting in to improved compressive strength was detected by surface coating 
of  RCA with silica fume and fly-ash [20]  Similarly, Katz also observed 15% rise in compressive strength of  
RAC by incorporating silica fume treated RCA [21] . Moreover, shear and compressive strengths of  RAC 
can be improved up to 30%  and 15% respectively by treating RCA with paste having inorganic admixtures 
[22] . SCM incorporation in the RAC can enhance the ITZ and cement matrix ensuing the improved 
durability and mechanical performance. About 9% surge in the 10 years compressive strength of  RAC was 
also observed after using the fly ash [23] . The mortar adhered on the surface of  RCA has adverse effects on 
the mechanical and durability performance of  RAC [16, 24] . Therefore, exclusion of  old adhered mortar 
from the surface of  RCA is a helpful method to improve the performance of  RCA in the resulting RAC. 
Old adhered mortar can be removed using different methods i.e. mechanical and heat grinding of  RCA 
[25-27]  and pre-soaking of  RCA in water and acidic solutions [28, 29] . There are certain disadvantages 
of  these adhered mortar removal techniques i.e. increased consumption of  energy as well as higher CO2 
emission, higher amount of  waste fine material production causing environmental burden and increase of  
chloride and sulphate contents in RCA resulting into inferior durability performance of  concrete [4, 16] 
. Calcium carbonate deposition on the surface of  RCA through bio deposition and carbonation methods 
can enhance the performance of  RCA. Bio deposition of  calcium carbonate using the bacteria can decrease 
the water absorption of  RCA and improves the quality of  resulting concrete [30] . However, most of  the 
techniques cannot be applied at a large-scale due to higher cost, difficult execution, time consumption and 
other environmental issues [4, 16] .

To avoid the short comings of  the acid treatment of  RCA, low concentration of  acetic acid has been used 
in the past study [31] . Acetic acid reacts with calcium hydrate (C-H), calcium silicate hydrate (C-S-H) and 
calcium carbonate in the old adhered mortar of  RCA. The adhered mortar loses the strength due to the 
reaction and can be removed from RCA surface by mechanical rubbing. Acetic acid treatment of  RCA 
is cheaper, safer and cleaner as compared to other acid treatments [31]. Moreover, value added products 
can be obtained after RCA treatment with acetic acid and waste acetic acid solution after treatment can be 
used as an admixture in concrete [31, 32]. Accelerated pre-carbonation of  RCA has been recognized as the 
most feasible method to improve the mechanical and durability performance of  RAC [4, 7, 16]. During the 
accelerated pre-carbonation, calcium carbonate is produced on the surface of  RCA as a reaction product 
resulting into dense pore structure [1, 4]. Therefore, the enhanced microstructure of  pre-carbonated RCA 
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results into much improved performance in terms of  water absorption, density and crushing strength 
leading towards RAC with improved properties.

Although various investigators have studied different treatment methods of  RCA to enhance the inferior 
performance of  RAC as compared to NAC. Limited work is available regarding the comparative assessment 
of  different treatment methods of  RCA with respect to the performance of  RAC for the similar source of  
RCA. This study aims to investigate the effect of  different RCA treatment techniques on the compressive 
strength, split tensile strength, flexural strength, elastic modulus and stress-strain behaviour of  RAC. For 
this purpose, five different treatment techniques of  RCA, i.e. carbonation, acetic acid immersion, acetic acid 
immersion with rubbing, acetic acid immersion with carbonation and modified carbonation were adopted 
during the study. Treatment techniques like carbonation and acetic acid immersion are considered most 
effective and environment-friendly techniques in improving the properties of  RAC [4, 31]. These techniques 
were further improved in this study to achieve enhanced RAC performance. For this purpose, acetic acid 
immersion with rubbing, acetic acid immersion with carbonation and modified carbonation techniques 
were performed on RCA to explore the effect of  improved treatment techniques on the performance of  
RAC.  Moreover, this study also explores the effect of  different treatment methods on the stress-strain 
behaviour of  concrete with treated RCA. 

2. Methodology

2.1 Materials
RCA having maximum aggregate size of  20 mm and less than 5% impurities were used in this study. 
Crushed granite fragments were used as NCA. Figure 1 depicts the grading of  NCA and RCA. Table 1 
shows the physical properties of  NCA and RCA used in this study. RCA possesses approximately five times 
higher water absorption than NCA, which may be attributed to the adhered mortar on the surface of  RCA. 
Portland cement of  type P.II52.5R and river sand having apparent density of  2600 kg/m3 were used. Tap 
water was used for all the concrete mixes prepared in this study. All the fine and coarse aggregates were 
dried in oven for 24 hours at 105oC before the production of  concrete. Due to high water absorption, 
RCA absorb a large amount of  water needed for hydration of  cement in the first few minutes of  concrete 
mixing [33]. Therefore, additional water was added with respect to the water absorption of  fine and coarse 
aggregates in all the concrete mixes for better control of  the water content. Similar method has been 
adopted in the past studies [14, 15].

2.2 Treatment of  RCA
Accelerated carbonation treatment method was used to obtain carbonated recycled concrete aggregates 
(C-RCA) [4]. RCA were pre-conditioned at 25oC and relative humidity of  50% to provide RCA with 
essential moisture content for accelerated carbonation i.e. 40-70%.  Afterwards, RCA were placed in air 
tight steel chamber with a capacity of  about 100 litres and vacuumed to -1.0 bar. CO2 was then inserted 
in the chamber and 100% CO2 concentration with +0.8 bar pressure was maintained for 24 hours in the 
chamber. 
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Figure 1: Grading of  NCA and RCA.

Table 1: Physical properties of  the aggregates used in the study .

Type of  aggregates Water absorption Oven dried specific 
gravity Bulk density Crushing value Adhered mortar

% kg/m3 % %
NCA 1.3 2.51 1513 27.0 -
RCA 6.85 2.17 1414 31.0 34.5

C-RCA 5.65 2.23 1438 30.46 33.5
A-RCA 6.44 2.24 1367 30.17 31

AR-RCA 6.35 2.22 1415 29.25 28
AC-RCA 6.76 2.24 1394 29.64 32
MC-RCA 5.47 2.25 1442 30.74 34

 
During the accelerated carbonation process, reactive components in the old adhered mortar of  RCA are very 
essential for the performance enhancement of  RCA [34]. Therefore, the accelerated carbonation treatment 
was modified by first submerging RCA in lime saturated water for 24 hours and then allowing them to dry 
at 25oC and relative humidity of  50% for three days to introduce some additional calcium into the pores of  
old adhered mortar artificially. Afterwards, RCA were carbonated using the same accelerated carbonation 
technique discussed above to obtain modified carbonated recycled concrete aggregates (MC-RCA). 

RCA were washed and dried after immersion in the 3% acetic acid solution for 24 hours to remove the 
old adhered mortar and to obtain acetic acid treated recycled concrete aggregates (A-RCA), similar to 
previous study [31]. Moreover, mechanical rubbing for 5 minutes was also performed on A-RCA using an 
empty concrete mixer to obtain acetic acid treated and rubbed recycled concrete aggregates (AR-RCA). 
Furthermore, A-RCA were carbonated in the accelerated carbonation chamber to produce acetic acid 
treated and carbonated recycled concrete aggregates (AC-RCA).

2.3 Methods
ASTM C127 [35] and BS 812-110 [36] were followed to calculate the water absorption, specific gravity, 
crushing value and bulk densities of  all the treated and un-treated aggregates. The old adhered mortar 
content of  the treated and untreated RCA was evaluated using method developed by  Abbas et al. [37]. 
Table 2 shows the mix details of  all the concrete mixes prepared in this study. All the concrete mixes were 
prepared according to ASTM C192 / C192M - 16a [38] using a double shaft concrete mixer. Workability 
of  all the concrete mixes was observed between 100-200 mm and no segregation or bleeding was noticed 
in any of  the mix proportions. For each mix twelve (12) concrete cylinders having diameter 150 mm and 
height 300 mm were prepared and cured for 28 and 90 days in moist curing chamber with temperature 
20oC and relative humidity 95%. Moreover, three concrete prisms (75 mm x 75 mm x 275 mm) were also 
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prepared and cured for 28 days.

After the curing of  28 and 90 days, split tensile and compressive strength tests were performed on the 
concrete cylinders according to ASTM C496 / C496M-17 [39] and ASTM C39 / C39M-18 [40], respectively. 
To examine the stress-strain behaviour, applied load and deformation of  specimens were measured during 
the test. MTS machine having capacity of  3000 KN was used for the compression and tensile tests. Load was 
recorded using a data acquisition system and the axial deformation was recorded using four linear variable 
displacement transducers (LVDTs) mounted at 90o relative to each other. All the concrete specimens were 
tested under displacement control at the rate of  0.3 mm/min. Modulus of  elasticity of  all the specimens 
was also determined using Equation 1. 

          (1)

Where, E is the modulus of  elasticity of  concrete, ϵ1 is the strain value of  0.00005, σ1 and σ2 are the 
stresses corresponding to ϵ1 and 0.4xpeak stress, respectively and ϵ2 is the strains corresponding to σ1. 
Flexural strength of  the concrete prisms (75 mm x 75 mm x 275 mm) was calculated at the age of  28 days in 
accordance with ASTM C293 / C293M-16 [41]. In addition to the mechanical performance, microstructure 
of  treated and un treated RAC was also observed using Quanta FEG 250 scanning electron microscope.

Table 2: Mix proportions of  concrete with treated and untreated RCA.

Constituents
Concrete ID

NAC RAC C-RAC A-RAC AR-RAC AC-RAC MC-RAC

Cement (kg/m3) 288.06 288.06 288.06 288.06 288.06 288.06 288.06

Sand (kg/m3) 528.82 528.82 528.82 528.82 528.82 528.82 528.82

NCA (kg/m3) 710.18 - - - - - -

RCA* (kg/m3) - 663.71 674.98 641.85 664.57 654.12 639.94

Water (kg/m3) 138.27 138.27 138.27 138.27 138.27 138.27 138.27
Extra water (kg/m3) 9.23 45.46 42.93 41.34 42.20 41.60 35.00

*Concrete ID’s C-RAC, A-RAC, AR-RAC, AC-RAC and MC-RAC, RCA shows the amount of  
respective treated aggregates.

3. Results and discussion

Table 1 depicts the physical properties (i.e. water absorption, specific gravity, bulk density, crushing value, 
and old adhered mortar content) of  all types of  coarse aggregates used in this study. It was observed that 
all the treated RCA showed improved performance in terms of  physical properties, similar to previous 
studies [7, 16].

Table 3: Effect of  RCA treatment on the mechanical performance of  RAC.

Concrete ID
Compressive strength Split tensile strength Flexural 

strength
Modulus of  

elasticity28 days 90 days 28 days 90 days

MPa MPa MPa GPa
NAC 27.81 31.09 3.40 4.3 7.06 28.55
RAC 18.91 22.96 2.58 3.3 4.15 18.49

C-RAC 21.60 27.75 2.82 3.79 5.06 20.02
A-RAC 21.03 25.79 2.62 3.2 4.52 21.44

AR-RAC 23.60 30.48 3.17 3.42 6.65 23.82
AC-RAC 21.17 24.07 2.76 3.25 4.74 20.73
MC-RAC 24.27 29.00 3.07 3.75 5.28 23.52

Table 3 depicts the average compressive strength of  tested specimens after 28 and 90 days of  curing. The 
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average compressive strength values of  NAC specimens were observed as 27.8 and 31.1 MPa for 28 and 
90 days, respectively, which reduced to 18.9 and 23.0 MPa, respectively for the 100% replacement ratio of  
RCA. Moreover, increase in compressive strength with the curing age was observed for all the specimens. 
Drop in compressive strength of  RAC may be attributed to the presence of  porous adhered mortar and 
weak ITZ in the RCA [12]. Similar reduction in compressive strength due to 100% replacement ratio of  
RCA was also reported by many researchers [12, 42]. Increase in compressive strength was observed for 
the mixes incorporating treated RCA. Accelerated carbonation treated RCA mixes (C-RAC, AC-RAC and 
MC-RAC), depicted rise in compressive strength as compared to RAC as shown in Table 3. For instance, 
14.2 and 28.3% increase in 28-day compressive strength was observed for the C-RAC and MC-RAC 
specimens as compared to RAC specimens, respectively. This increase in the compressive strength may 
be attributed to filling of  pores in the old adhered mortar by the CaCO3 after the accelerated carbonation 
reaction, similar to previous studies [16, 34]. Table 3 also shows higher compressive strength values for the 
acetic acid treated RCA mixes (A-RAC, AR-RAC and AC-RAC) as compared to RAC mix. For example, 
24.8% increase in the compressive strength was noted for the AR-RCA specimens as compared to RAC 
specimens. Removal of  old adhered mortar due to acetic acid with rubbing treatment densifies the pore 
structure of  AR-RAC resulting into increased compressive strength akin to previous study [31]. For the 
accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 28-day 
compressive strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, for 
the acid treated RCA incorporated specimens, maximum and minimum 28-day compressive strength was 
observed for the AR-RAC and AC-RAC specimens respectively. Moreover, Table 3 also shows that 85% 
and 87% compressive strength of  NAC can be achieved by using acetic acid with rubbing and modified 
carbonation treatment techniques, respectively. Therefore, the adverse effects of  RCA can be offset by 
above mentioned treatments making RAC suitable for structural use resulting into sustainable and eco-
friendly construction.

Table 3 displays the average modulus of  elasticity values of  all the tested specimens after 28 days of  curing. 
Drop in elastic modulus values was observed for RAC specimens as compared to NAC specimens. For 
instance, the average modulus of  elasticity value of  NAC specimens was observed as 28.55 GPa, which 
reduced to 18.49 GPa for the 100% replacement ratio of  RCA. Similar reduction in modulus of  elasticity 
was also observed by Xiao et al. [43] for the concrete specimens with 100% replacement ratio of  RCA. The 
drop in the elastic modulus of  RAC may be attributed to the inferior modulus of  elasticity of  RCA due 
to the presence of  porous old adhered mortar [43]. Rise in the modulus of  elasticity values was observed 
for the mixes incorporating treated RCA as compared to RAC mix. Approximately, 29% and 27% increase 
in the modulus of  elasticity values was observed for AR-RAC and MC-RAC specimens, respectively as 
compared to RAC specimens. The increase of  modulus of  elasticity after RCA treatment may be related 
to the removal of  porous old adhered mortar by acetic acid with rubbing treatment [31] and densification 
of  adhered mortar through CaCO3 precipitation by modified carbonation treatment of  RCA [34]. For the 
accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum modulus 
of  elasticity was observed for the MC-RAC and C-RAC specimens respectively. Similarly, for the acid 
treated RCA incorporated specimens, maximum and minimum modulus of  elasticity was observed for 
the AR-RAC and AC-RAC specimens respectively. Table 3 also shows that around 83% of  modulus of  
elasticity of  NAC can be attained by using acetic acid with rubbing and modified carbonation treatments.

Table 3 depicts the split tensile strength of  the concrete specimens made with treated and untreated RCA 
at two different ages (i.e. 28 and 90 days). Drop in split tensile strength was observed for the mix containing 
RCA as compared to NAC. However, the mixes having treated RCA showed improved split tensile strength 
as compared to untreated RCA mix. For instance, 24% reduction in the split tensile strength was observed 
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for RAC as compared to NAC, similar to previous study [12] . Moreover, 22.8% and 18.8% rise in the split 
tensile strength was noted for AR-RAC and MC-RAC, respectively as compared to RAC. This may be due 
to removal of  loose mortar after acetic acid with rubbing treatment [31]  and pore filling by CaCO3 after 
the lime carbonation treatment [34]. It was also observed that the split tensile strength of  all the treated and 
untreated aggregate mixes increased with the age of  concrete. 

             a)                                                                               b)                                   

       c)                                                                               d)      

            e)                                                                                 
Figure 2: Effect of  RCA treatment on the stress-strain behaviour of  a) C-RAC specimens b) MC-
RAC specimens c) AC-RAC specimens d) A-RAC specimens, and e) AR-RAC specimens.
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For the accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 
28-day split tensile strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, 
for the acid treated RCA incorporated specimens, maximum and minimum 28-day split tensile strength 
was observed for the AR-RAC and A-RAC specimens respectively. AR-RAC and MC-RAC gained 
approximately 93% and 90% of  split tensile strength of  NAC. Therefore, acetic acid with rubbing and 
modified carbonation treatment may be considered helpful techniques to improve the quality of  RAC 
resulting in eco-friendly and sustainable construction.

Table 3 shows the 28 days flexural strength of  all the tested concrete specimens. Reduction in the flexural 
strength was observed for all the RCA incorporated concrete specimens as compared to NAC. This may be 
attributed to the poor bond between old and new cement pastes in RAC. Similar observations were reported 
in previous studies [12, 44]. However, increase in flexural strength was noted for the RAC incorporating 
treated RCA as compared to RAC. For instance, 22% and 27% rise in the flexural strength was observed for 
the C-RAC and MC-RAC specimens, respectively as compared to RAC specimens. This may be attributed 
to the densification of  concrete pore structure by CaCO3 deposition resulting into improved ITZ and 
better bond between old and new cement pastes [34]. Moreover, about 60% increase in the flexural strength 
was observed for the AR-RAC specimens as compared to RAC specimens. This increase in flexural strength 
may be due to the removal of  weaker adhered mortar by the acetic acid and rubbing treatment of  RCA [31]. 
Similar increase in the flexural strength due to RCA treatment was also reported in previous studies [4, 34]. 
For the accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 
flexural strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, for the 
acid treated RCA incorporated specimens, maximum and minimum flexural strength was observed for the 
AR-RAC and A-RAC specimens respectively. Therefore, acetic acid treatment with rubbing and modified 
carbonation methods can be adopted to improve the mechanical performance of  RAC.

Figure 2 shows the effect of  different types of  RCA treatments on the axial stress strain curves of  all the 
concrete specimens. Change in the shape of  the stress strain curves was observed for RAC specimens as 
compared to NAC specimens. For example, RAC specimens showed more flatter stress strain curves as 
compared to their counterpart i.e. NAC. Moreover, smaller initial slope (modulus of  elasticity), lower peak 
value (compressive strength) and steeper descending branches of  stress strain curves were observed for 
RAC specimens, which may be attributed to more brittle nature of  RAC. Similar observations were reported 
by past researchers [45]. Smaller area under stress strain curves of  the RAC specimens as compared to 
NAC specimens also shows reduced energy absorption capacity of  the RAC specimens. In the case of  
accelerated carbonation treated RCA mixes (C-RAC, AC-RAC and MC-RAC), improved stress strain curves 
were observed as compared to RAC as depicted in Figure 2. Similar improvement was also reported in 
the past research [46]. The effect of  RCA treatment in relation to strength improvement was observed 
maximum for MC-RAC specimens and minimum for AC-RAC specimens. Moreover, Figure 2 also shows 
higher stress strain curves for the acetic acid treated RCA mixes (A-RAC, AR-RAC and AC-RAC) as 
compared to RAC mix. Maximum improvement in stress strain behaviour was observed for the AR-RAC 
specimens, reflecting the positive impact of  acetic acid immersion with rubbing treatment in increasing 
energy dissipation capacity of  RAC.

Figure 3 shows the microstructure of  RAC, AR-RAC and MC-RAC after the compression test. In case of  
RAC, porous microstructure with weak bond between mortar paste and RCA was observed. Large cracks 
were also observed in RAC, mainly on the interface of  mortar paste and RCA. In case of  AR-RAC and MC-
RAC, dense microstructure was observed. Bond between mortar paste and treated RCA was also observed 
better than untreated RAC.
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3a)

3b)

3c)
Figure 3: Microstructure of  a) RAC specimens b) AR-RAC specimens, and c) MC-RAC specimens.

4. Conclusions

Following conclusions can be drawn from this study

1. Physical properties of  treated RCA (i.e., water absorption, crushing strength and bulk density) were 
improved as compared to untreated RCA. 

2. Rise in split tensile strength of  RAC was observed for treated RCA as compared to untreated ones. 
However, 28 days split tensile strengths of  AR-RAC and MC-RAC were observed 93% and 90% of  
split tensile strength of  NAC, respectively.
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3. Flexural strength was also improved due to RCA treatment. Flexural strengths of  AR-RAC and MC-
RAC were observed 94% and 75% of  flexural strength of  NAC, respectively.

4. Improved stress-strain behaviour i.e., increase in compressive strength, elastic modulus and energy 
dissipation capacity was observed for RAC with treated RCA as compared to RAC with untreated 
RCA. The stress-strain behaviour of  AR-RAC and MC-RAC was observed very close to the stress-
strain curves of  NAC reflecting the positive impact of  RCA treatment techniques such as acetic acid 
immersion with mechanical rubbing and modified carbonation on the performance of  RAC.

5. Although increase in compressive strength and modulus of  elasticity of  RAC was observed for treated 
RCA as compared to untreated RCA. Compressive strength and modulus of  elasticity of  RAC with 
treated RCA were observed lower than NAC. However, compressive strengths of  AR-RAC and MC-
RAC were observed 85% and 87% of  compressive strengths of  NAC, respectively. Similarly, values of  
elastic modulus of  AR-RAC and MC-RAC were observed 83% and 82% of  elastic modulus of  NAC, 
respectively. Therefore, treatment techniques such as, acetic acid immersion with mechanical rubbing 
and modified carbonation may be considered helpful to improve the properties of  RAC resulting into 
eco-friendly and sustainable construction.
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Abstract

Sustainable construction is the major concern for environment and different techniques are being adapted 
to foster the goal of  sustainability. This study aims to investigate the performance of  crushed tested 
concrete samples obtained from the concrete research institutions. The concrete samples are crushed to 
achieve the aggregates that are used to prepare new samples and tested to examine compressive strength. 
The compressive strength of  samples prepared with normal aggregates concrete (NAC) are compared 
to compressive strength of  recycle aggregates (RAC) to create a conclusion. It was examined from the 
experimental results that recycle aggregates have the potential to replace the normal aggregates.  

Keywords: recycle aggregates, tested aggregates, compressive strength.

1. Introduction

Globally, the demand of  aggregates has increased up to 26.8 billion tons per year [1]. The rapid use of  
natural aggregates is a universal matter of  concern; thus intense pressure is coming on the construction 
industry to propose a sustainable solution without compromising the performance of  concrete. A large 
quantity of  construction waste is generated by demolishing the structures or the damage caused to material 
while manufacturing. This waste mostly ends up being discarded in landfills. The use of  waste concrete 
as recycled aggregates in new concrete is beneficial from the view point of  sustainability and resources 
reservation. In this regard, the study for the utilization of  various recycled building materials is promoted. 

A large number of  experimental studies have been carried out in recent times to explore the procedures, 
uses and properties of  recycling of  construction waste and recycled material. In past many researchers have 
investigated the effect of  recycled coarse aggregate on concrete compressive strength.

Wang et. al. (2011) carried out an experimental study to investigate the effect of  recycled coarse aggregate 
on concrete compressive strength. The experiment was carried out with 30 concrete mix proportions to 
achieve the compressive strength in the range of  20 to 60 MPa. The cubes were casted from natural 
coarse aggregate concrete as well as recycled coarse aggregate concrete. The 28-days results show that the 
concrete strength is affected by the strength of  different types of  recycled aggregates used. The effect of  
type of  aggregate was more obvious for high strength concrete as compared to normal weight concrete [2]. 
Another experimental study undertaken by Khan et. al. (2018) used a concrete mix of  1:2:4 using water-
cement ratio of  0.4 and 0.5 and varying percentages of  recycled coarse aggregate [3]. Azzawi (2016) tested 
recycle aggregate concrete made from crushed tile and concluded that the tensile strength, compressive 
strength and elastic modulus are affected with the use of  recycled aggregate replacing more than 25% of  
natural coarse aggregate [4].  
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2. Experimental setup

2.1 Preliminary tests for aggregates
This study targets the comparison of  compressive strength of  concrete made with natural coarse aggregate 
and recycled coarse aggregate with varying water-cement ratio of  0.50, 0.60 and 0.70 at different mix 
proportions i.e. 1:2:4 and 1:4:8. To examine the behaviour of  recycle aggregate concrete (RAC), following 
tests were conducted to observe the characteristics of  aggregates, both natural and recycled, before using 
it in concrete:

(a) Water-absorption test

(b) Apparent specific gravity

(c) SSD specific gravity 

(d) Bulk specific gravity

The detailed results of  preliminary tests are shown below in Fig. 1. ASTM 127-93 prescribes the procedure 
to measure and calculate the water absorption, apparent specific gravity and bulk density. As summarized 
in the standard, the procedure is followed as a sample of  aggregate is washed, drained and placed in a wire 
basket and immersed in water for 24 hours. The sample is weighed while submerged in water. The aggregate 
is then removed from water after 24 hours and transferred to an absorbent cloth to surface dry. This surface 
dried sample is then weighed. After that, the sample is placed in oven to dry and then weighed after 24 
hours. With the relationships of  mass and weight the specific gravity and absorption are calculated [5].

Figure 1: Different test results for NCA and RCA

The specific gravity for natural aggregates ranges from 2.5 to 3.0 and for recycled aggregates it ranges 
from 2.3 to 2.6. The water absorption capacity for natural aggregates is 0.1% to 2.0% and for recycled 
aggregates it is 3% to 12%. It was noted that recycled aggregate showed higher water absorption capacity 
as compared to natural aggregate but it lies within the range specified for recycled aggregate. The apparent 
specific gravity, SSD specific gravity and bulk specific gravity tend to decrease for the recycled aggregate as 
compared to the natural aggregate. 

2.2 Concrete mix
The concrete mix design is the critical parameter in the success of  the recycle aggregate concrete. The 
calculation of  the mix design consists of  ordinary Portland cement, coarse aggregate, fine aggregate and 
water. The Ordinary Portland cement (Type I) used in this study conforms to BS-EN 197-1:2000 and its 
chemical composition and physical properties are shown below in Table 1. Two kinds of  concrete mixes 
were used i.e. 1:2:4 at water-cement ratio 50%, 60% and 70% whereas the concrete mix of  ratio 1:4:8 
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with the water-cement ratio 70% was used. Trial concrete mixes were carried out at 50% and 60% at 1:4:8 
concrete ratio but were not suitable as concrete started to crumble and adequate mixing was not possible. 

Table 1: Chemical composition and physical properties of  OPC used (Manufacturer’s specifications, 
only MgO and SO3 specification available)

Chemical Composition of  OPC Physical Properties

MgO 1.50 Fineness (cm2/gm) 2800
SO3 2.50 Initial setting time(min) 120

Insoluble residue I.R. 0.30 Final setting time (hrs) 3.25
Loss on ignition L.O.I. 1.65 Soundness (mm) 0.50

Lime Saturation Factor L.S.F. 0.91 Compressive strength 28-d (N/mm2) 45.0

The ratio of  concrete mix remained same for both natural coarse aggregate (NCA) and recycled coarse 
aggregate (RCA). The fine aggregate passed through #4 sieve and the fineness modulus of  2.8 was calculated. 
Whereas, natural coarse aggregate was used with maximum size of  10 mm. The recycled aggregates were 
fetched from the debris located at the reinforced concrete lab at Sir Syed University of  Engineering and 
Technology, Karachi. The left-over aggregates are around one to two years old. Before using the recycled 
aggregate, the aggregates were crushed into approximate 15 mm size and were allowed to sieve through 19 
mm and retained at 9.5 mm. The detail of  the concrete mixes is shown in Table 2 and Table 3:

Table 2: Mix proportion at 1:2:4

Type of  aggregate 
(concrete ratio)

Mix Proportions
(kg)

Water/ cement ratio

Cement Fine aggregate Coarse 
aggregate

NAC (1:2:4)

1.34 2.68 5.36 0.50

1.34 2.68 5.36 0.60

1.34 2.68 5.36 0.70

RAC (1:2:4)

1.34 2.68 5.36 0.50

1.34 2.68 5.36 0.60
1.34 2.68 5.36 0.70

Table 3: Mix proportion at 1:4:8 ratio 

Type of  aggregate 
(concrete ratio)

Mix Proportions
(kg) Water/  cement 

ratio
Cement Fine aggregate Coarse aggregate

NAC (1:4:8) 0.725 2.90 5.80 0.70
RAC (1:4:8) 0.725 2.90 5.80 0.70

2.3 Workability test
The workability of  the freshly made concrete of  all the mixes was also tested according to ASTM C143-90a. 
The slump test was used in order to test the consistency and adequacy of  w/c ratio of  the concrete mixes. 
The results indicated low workability for all the concrete mixes which was suitable for road construction. 
The test results are shown below in Figure 2. There was no slump observed at w/c ratio of  0.50 for 1:2:4 
concrete mix, both using natural coarse aggregate and recycled coarse aggregate. 
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Figure 2: Slump test results for concrete mixes (1:2:4 and 1:4:8) at varying w/c ratios

3. Experimental program

With the calculated mix, 32 cubes of  size 150 mm x 150 mm x 150 mm were casted according to BS 1881: 
PART 108: 1983. The concrete cubes were casted in total in which 24 cubes were prepared at mix design 
ratio (1:2:4 at w/c of  0.50, 0.60 and 0.70) and 8 cubes were prepared at mix design ratio (1:4:8 at 0.70 
w/c). Similarly, total 32 samples of  reinforced concrete beams of  size 500 mm x 100 mm x 100 mm were 
casted, out of  which 24 beams of  concrete ratio 1:2:4 at w/c of  0.50, 0.60 and 0.70 and 8 beams were of  
concrete ratio 1:4:8 at w/c of  0.70. The beams were provided with four rebar of  #4 size (12.7mm nominal 
diameter). The specimens were un-moulded after 24 hours and kept for curing under standard conditions 
as prescribed by ASTM C192-90a, for 28 days. The cubes were tested under compression on 28 days using 
Compression Testing Machine (CTM) as per the procedure described in ASTM C36-86. 

There are two loading methods used for testing the flexural strength of  a specimen, which are third-point 
loading and centre point loading. In this study the beams were tested under centre-point loading as shown 
in Figure 3. The specimen was tested on Universal Testing Machine (UTM) and loaded continuously with 
a constant load rate until failure. 

Figure 3: Flexural testing of  RCA beam specimens on UTM
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4. Results

Due to limited testing facilities, this study is only examined for the compressive strength of  concrete cubes 
and flexural strength of  reinforced concrete beams. 

4.1 Compressive strength of  concrete cubes
Table 4 shows the results for the cube specimens tested under compression. The results indicate that the 
test cube achieved substantial strength at w/c ratio of  0.70 when used with the concrete mix proportion 
of  1:2:4 and it tends to increase for the mix proportion of  1:4:8. The lower w/c ratio makes proper mixing 
harder. Also, the recycled aggregate was not wet enough and it absorbed more water than required thus 
leaving less water for the hydration process to be completed and gain strength. The compressive strength of  
recycled aggregate concrete cubes decreases by 35% at w/c ratio of  0.6 for M15 concrete and it increases 
by 27% for M7.5 concrete.

Table 4: Average compressive strength of  control cubes (NAC) and test cubes (RAC) at 28 days

Concrete Mix W/C Ratio Average Compressive Strength MPa (Ksi)

Control Cubes (NAC) Test Cube (RAC)

1:2:4 0.50 24 (3.47) 2.34 (0.34)

1:2:4 0.60 19.30 (2.80) 12.82 (1.86)

1:2:4 0.70 14.50 (2.10) 13.20 (1.91)
1:4:8 0.70 0.41 (0.06) 0.55 (0.08)

4.2 Flexural strength of  reinforced concrete beams 
Table 5 shows the results for the beam specimens’ flexural strength. The results show that at higher w/c 
ratio the flexural strength of  beams casted with NCA and RCA shows good agreement and very less 
difference can be seen, however, at lower w/c ratios the flexural strength of  NCA beam specimen was at 
least 50% higher as compared to RCA beam specimens.

Table 5: Flexural strength of  control beams (NAC) and test beams (RAC) at 28 days

Concrete Mix W/C Ratio Flexural Strength MPa (Ksi)

Control Beams (NAC) Test Beams (RAC)

1:2:4 0.50 26.33 (3.82) 10.06 (1.46)
1:2:4 0.60 29.78 (4.32) 19.37 (2.81)
1:2:4 0.70 25.78 (3.74) 23.16 (3.36)
1:4:8 0.70 8.75 (1.27) 8.06 (1.17)

5. Conclusions

The experiments carried out in this study conclude the following:

• For recycled aggregate concrete, the 28-days compressive strength can be obtained close to that of  
natural aggregate concrete at water-cement ratio of  0.7 (both 1:2:4 and 1:4:8), whereas their strength 
was noted to decrease than the control concrete for the same mix proportions at water-cement ratio 
of  0.50 and 0.60.

• It is suggested that the recycled aggregates must be used in wet condition to yield better result for 
compressive strength.

• The cracking of  the recycled concrete beams was comparable to the typical concrete beams, with a 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

651

IC
SB

M
 2

01
9

ID
 0

26

linear elastic behaviour before the first flexure cracks occurred, and then the main steel yielded, and 
eventually the concrete crushed.

• The beams without shear reinforcement fails at a much lower value of  cracking load. This happened 
due to the fact that the weakest link in recycled concrete is the mortar adhered to the recycled aggregate 
and it fails more rapidly as compared to natural aggregate concrete. 

• Aggregate interlock and bond between concrete and the reinforcement are mechanisms that seem to 
work correctly in reinforced concrete beams made with recycled coarse aggregate.

Further experiments are advised to understand more about the behaviour of  concrete prepared with recycle 
aggregates. 
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Abstract 

Modified Ferro Silicate (MFS) slag can be used as an alternative Supplementary Cementitious Material (SCM) 
to make concrete sustainable and to enhance the circular economy. Given their pozzolanic characteristics, 
these MFS slags can be used as SCM. However, due to the low CaO content of  the MFS slag, they have 
slower reaction and dissolution rate than Ca rich by-products such as Ground Granulated Blast Furnace 
slags (GGBFS). Increasing latent hydraulic properties of  the slag could potentially also increase the overall 
reactivity of  the slag. In this respect, the objective was set to increase the CaO content of  the MFS slag, 
by addition of  CaCO3 during its fuming process. In order to investigate the feasibility, at first, lab scale 
tests were performed and reported in this paper. Currently available MFS slag was remelted and chemically 
adapted at 1220 ± 10 °C. Two mixes were synthesized in which respectively 10 and 20  wt.% of  CaCO3 was 
added to the MFS slag. After melting the slag in a reducing atmosphere, it was water quenched in order to 
obtain an altered slag with a high glassy phase comparable to the current MFS slag. Chemical composition 
and mineralogy of  CaCO3 altered MFS slag was determined and its reactivity was assessed by the novel R³ 
reactivity assessment technique proposed by RILEM TC 267-TRM. Finally, altered MFS slag was compared 
with the unaltered MFS slag to study the influence of  CaO content on the slag reactivity and dissolution. R3 
Calorimetric analysis and CH consumption showed an enhanced dissolution rate for altered slag suggesting 
that incorporation of  CaO in the system tends to improve the reactivity. Moreover, XRD and in-situ XRD 
analysis of  the R3 hydrated paste provided sufficient information that increasing the Ca content in the glassy 
phase tends to improve the dissolution of  Fe which contributes to formation of  Fe-AFt and stable Fe-Mc 
after 24 h. 

Keywords: modified ferro silicate slag, thermal and chemical alteration, supplementary cementitious 
materials, reactivity assessment, compressive strength.

1. Introduction

In Europe, annual production of  Copper (Cu) slag has reached approximately 5.56 million tons [1–3] 
and in Belgium, about 132,240 tons of  secondary Cu slags are produced by Belgian recycling plants [4]. 
Management of  the Cu slag is a huge burden to industries due to the increasing need for Cu metal on 
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the world market [5]. Cu slags can be usually categorized as 1) Cu slag generated from pyro metallurgical 
refining of  Cu ore, 2) Secondary Cu slag synthesized from pyro metallurgical refining of  metal scraps or 
recyclable materials. Depending on the production process of  the Cu metal, the chemical composition and 
mineralogy of  the obtained Cu slag may vary. In general, Cu slag is a siliceous rich glassy material due to the 
quick solidification by water quenching. 

Beside management of  Cu slag, more general problems for which an urgent solution is needed are global 
warming and resource shortage. One of  the main contributors to global warming and resource shortage 
is the cement industry. To decrease the adverse effect on the environment, supplementary cementitious 
materials (SCM) based on Cu slag can be used for concrete. SCM based on Cu slags represent a viable 
alternative to widely used pozzolanic sources such as fly ash, silica fume, metakaolin etc., due to their silica 
rich glassy phase which potentially contributes to pozzolanic reaction [6]. By incorporating these Cu slags 
without any further modification as SCM in concrete, sustainability and circular economy can be easily 
achieved. 

Different scientific publications have laid a foundation and showed Cu slags can be used as an SCM in 
combination with Ordinary portland cement (OPC) to make concrete [5–9]. In the work of  Moura et al. 
[10], Cu slag was used as a pozzolanic SCM to make concrete with 20 wt.% replacement level (relative to the 
cement weight). Investigations such as compressive strength, splitting tensile strength, absorption rate by 
capillary suction and carbonation rate were carried out on the Cu slag replaced concrete. The authors finally 
concluded that addition of  Cu slag to the concrete increased the concrete axial compressive and splitting 
tensile strength (after 28 days), decreased the absorption rate by capillary suction and the carbonation 
depth, thus improving the mechanical properties and durability. In addition, in the work of  Al-Jabri et al. 
[11], concrete incorporating 13.5 wt.% of  Cu slag and 1.5 wt.% of  cement by-pass dust (CBPD) was tested 
for compressive strength, tensile strength, flexural strength and stress-strain behaviour at three water to 
binder ratios of  0.5, 0.6, 0.7. Findings of  the authors showed an adverse effect on the early age mechanical 
properties due to the low CaO content (6 wt.%) in Cu slag compared with 63 wt.% in OPC. 

In addition, Zain et al. [12] evaluated the influence of  Cu slag on the hydration mechanism for OPC mortars 
with a replacement level of  0 wt.%, 2.5 wt.%, 5 wt.%, 7.5 wt.% and 10 wt.% (through thermogravimetric 
analysis and compressive strength). It was reported that addition of  Cu slag induced no significant change 
in the hydration mechanism of  OPC, however increased initial and final setting time were observed. Early 
age strength of  the Cu slag mortar was generally lower than the reference mortar and the ideal replacement 
level for the optimum strength at (1, 3, 28, 90, 180 and 365 days) was 5 wt.% replacement level. In the work 
of  Tixier et al. [8], effect and hydration of  Cu slag in the presence of  lime or cement were investigated. 
Three types of  paste such as 1) 95 wt.% Cu slag + 5 wt.% hydrated lime (water/solid = 0.23) 2) 85 wt.% 
Cu slag + 10 wt.% micro silica + 5 wt.% hydrated lime (W/S = 0.23)  3) 85 wt.% OPC + 15 wt.% Cu 
slag (W/S = 0.23) were subjected to semi quantitative XRD and TGA/DTA. The authors stated that 
paste containing Cu slag and hydrated lime showed reduction in CH content after 28 days indicating the 
pozzolanic properties of  the Cu slag.  

Several authors provided information that incorporation of  Cu slag as SCM showed induced dissolution 
rate of  the system (clinker + Cu slag) leading to a slower reactive behaviour and strength contribution. 
This behaviour is usually observed due to the low content of  CaO and increased SiO2 content in the glassy 
phase of  the granulated Cu slag making it to exhibit pozzolanic properties. When CaO content would be 
increased in the glass phase, Cu slag could be used as a SCM with improved reactivity. So, in this paper, 
the CaO content is increased in a proprietary Modified Ferro Silicate (MFS) slag (secondary Cu slag) by 
remelting the slag in the lab at 1220 ± 10 °C with addition of  CaCO3 and followed by water quenching to 
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obtain a CaO rich glassy slag. Reactivity of  the altered MFS slag was examined by novel reactivity tests for 
supplementary cementitious materials, as proposed by RILEM TC 267-TRM [13]. Reactivity assessment 
is termed as R3 and R3 stands for rapid, reproducible and relevant. The assessment uses chemicals such as 
KOH, K2SO4, CaCO3 and CH to activate the SCM by mimicking the alkaline pore solution created by OPC. 
Reactivity of  the SCM can be calculated by investigating the CH consumption and heat release of  the paste.

2. Methodology

2.1 Materials
Patented MFS slag from Metallo Belgium was used as the starting material for thermal processing. Two 
mixes were created including 90 wt.% MFS slag + 10 wt.% CaCO3 (termed as “MFS-C1”) and 80 wt.% 
MFS slag + 20 wt.% CaCO3 (termed as “MFS-C2”). Lab grade KOH, K2SO4, CaCO3 and CH (less than 
5 wt.% CaCO3) were used to synthesise R3 model paste. Concentrated H2SO4, HF, H3BO3, Ce(SO4)2 were 
used as a reagent to determine the Fe2+ions content in the MFS slag by titration method.   

2.2 Methods

2.2.1 Synthesis, characterisation of  MFS and altered MFS slag powder and mortar 
Chemical composition of  the MFS and altered MFS slags was determined by wavelength-dispersive X-ray 
fluorescence spectrometer. Mineralogy of  the MFS slag and altered MFS slag were determined using X-ray 
diffraction. 10 wt.% internal standard (crystalline ZnO) was used for XRD preparation to quantify the 
diffractogram pattern using Rietveld analysis (3 iteration). Two samples containing 90 wt.% MFS slag + 
10 wt.% CaCO3 and 80 wt.% MFS slag + 20 wt.% CaCO3 were fired separately for 1 h at a maximum 
temperature of  1220 ± 10 °C in a closed Fe crucible, using an induction furnace (Type TF 4000, Indutherm 
GmbH, Germany). The thermally remelted MFS slag was water quenched by tilting, to obtain a glassy phase 
content around 90 wt.%. The quenched raw material was milled in an attritor mill (Wiener 1S). Specific 
surface area and particle size distribution of  the milled slag were assessed by the Blaine method (EN 196-6) 
and laser diffraction analysis respectively. The obtained particle size distribution and specific surface area 
of  the slag powder is given in Table 1.

Table 1: Particle size distribution and specific surface area of  the MFS and altered MFS slags

Component

                                Particle Size                          

Specific Surface 
Area (cm2/g)d10 (µm)                         d50 (µm)                     d100 (µm)

MFS 2.9        12.0              45.5 3800 ± 190

MFS-C1 3.5        15.4              49.4 3750 ± 190

MFS-C2 3.1        13.4              47.3 3800±  190

2.2.2 Fe2+/ Fe3+ measurement in the MFS slag
The titration method used to determine the quantitative presence of  Fe2+ ions in the MFS slag was adopted 
from [14]. The setup includes a magnetic stirring plate, teflon beaker, argon atmosphere and reagents such 
as H2SO4, HF, H3BO3, Ferroine indicator, Ce(SO4)2 and H2O. First, 0.1 g of  MFS slag was added to 20 ml 
of  demineralised H2O in a teflon beaker closed by a lid. Next, 4 ml of  40 wt.% H2SO4 and 2 ml of  50 wt.% 
HF were also added to the suspension containing MFS slag and H2O. In order to completely dissolve the 
MFS slag and to neutralise the HF, the mixing was carried out for 2 h using a magnetic stirrer. After 2 h, 2.5 
g of  H2BO3, 5 ml of  40 wt.% H2SO4, and 1 ml of  0.0001 M ferroine indicator were added to the solution 
containing MFS slag. Then the prepared solution was titrated against 0.01 M Ce(SO4)2 until the end point 
(orange red to colourless). From the titrated volume, FeO content of  the MFS sample can be calculated 
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using equation (1) whereas M.W is the molecular weight (g/mol), vol is the volume (ml) and conc is the 
concentration (M). A scaling factor of  10 was used in the denominator to convert ml (volume of  CeSO4) 
and mass (g) into wt.%.  Fe2+ ions content in the MFS slag was finally obtained from the ratio of  FeO 
content obtained from titration and FeO content obtained from XRF (equation 2). Three iterations were 
carried out and the average value was mentioned as the final Fe2+ content. 

      (1)

                                                              (2)

2.2.3 Reactivity assessment of  MFS and altered MFS slag by R3

The mix design used to synthesise R3 modelled paste as published in [13] is given in Table 2. All components 
used in the preparation of  paste were stored at 40°C for 24 h. After 24 h, the R3 model paste was synthesised 
using the mix design mentioned in Table 2 and cured at 40°C for 7 days. Hydration of  the R3 paste is 
stopped through solvent exchange by placing it in isopropanol for 15 minutes. The hydration stopped 
sample was later stored in an oven at 40 °C till the experiments were carried out. CH consumption through 
TGA analysis was investigated in the hydration stopped 7 days old R3 paste as explained in [13]. Isothermal 
calorimetry at 40°C was used to measure the heat release during the hydration of  the R3 paste over a period 
of  7 days [13]. An X-ray diffraction scan with a step size 0.020° and counting time of  2.5 s per step in a 
2θ range from 5° to 15° was recorded on the hydration stopped 7 days old R3 samples to investigate the 
presence of  crystalline binder phases. In-situ XRD measurement was carried out during the first 24 h on 
the R3 modelled paste with a step size 0.020° and counting time of  1.5 s  per step in the 2θ range from 
7° to 20°. In the experiment described, a total of  88 scans were recorded in the period of  24 h with an 
acceleration voltage and current of  40 kV and 40 mA respectively. The in-situ measurement was carried 
out at 40°C and during the measurement all samples were covered with kapton film (7.5 µm thickness) to 
prevent carbonation and dehydration of  the sample.

Table 2: Mix design for R3 model paste

Component SCM CH H2O KOH K2SO4 CaCO3

Mass (g) 11.11 33.33 60 0.24 1.2 5.56

3. Results and discussion

3.1 Characterisation of  the MFS slags 
The chemical composition in Table 3 shows that FeO and SiO2 make up more than 80 wt.% of  the MFS 
slag 3. On the contrary only ~ 4 wt.% of  CaO is present in its initial content. MFS-C1 and MFS-C2 slags 
showed presence of  nearly 10 wt.% and 15 wt.% CaO respectively (Table 3). Mineralogy of  the MFS slag 
quantified through the Rietveld analysis shows that MFS slag possesses slightly higher content of  glassy 
phase than MFS-C1 and MFS-C2 (Table 4). This is due to the fact that MFS slag was synthesised and 
quenched at the industrial scale whereas the MFS-C1 and MFS-C2 were remelted slags quenched at lab 
scale. The titration method used to determine the Fe2+ ions content showed presence of  90 wt.% Fe2+ 
ions (Table 5), suggesting the contribution of  Fe in the hydration mechanism can also be due to Fe2+ as 
explained in section 3.2.3. Fe2+ content was determined only for MFS slag and not for altered MFS slag. 
However, Fe2+ content for altered MFS slag can also be reported as 90 wt.% assuming no change of  
oxidation state could occur during the thermal processing of   (MFS slag) in a Fe crucible since MFS slag 
stays in equilibrium with the Fe crucible. 
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Table 3: Chemical composition of  the MFS slags and altered MFS slags in wt.%

Component FeO SiO2 Al2O3 CaO Others

MFS 42.7 38.2 9.0 3.8 6.3

MFS-C1 40.9 36.7 8.5 9.4 4.5

MFS-C2 38.9 34.8 8.1 14.2 4

Table 4: Mineralogy of  the MFS slag and altered MFS slags in wt.%

Phase Glass Spinel Others

MFS 92.7± 0.8 6.7 ± 0.5 0.7 ± 0.2

MFS-C1 88.4± 1.2 9.2 ± 0.9 2.1 ± 0.8

MFS-C2 87.6± 1.6 9.9 ± 0.4 2.5 ± 0.5

Table 5: Fe2+and Fe3+ content in the MFS slag in wt.%

Fe2+/ Fe3+/ Fe2+/Fe3+ Fe3+/Fe2+

90 10 9 0.11

3.2 Reactivity screening of  MFS slags by R3 assessment 

3.2.1 Calorimetric analysis 
The evolution of  heat during the hydration reaction of  SCM is considered vital because it can give an idea 
on the reactivity of  the SCMs. The isothermal calorimetry was used to assess the evolution of  heat as per 
the RILEM TC 267-TRM protocol (Figure 1). From Figure 1a, three main exothermic peaks were observed 
(after discarding the initial 1 h) upon the activation of  MFS slags with alkalis. From Figs. 1a and 1b, the 
following is observed:

1. Initial heat release (Fig. 1a) within the region of  1 to 2 h is possibly due to the rapid dissolution of  the 
reactive ions such as SO4

2-, CO3
2- present in the R3 modelled paste. As seen in Fig 1a), the heat release 

in this region for the MFS slag is subjected to a retardation effect possibly due to the presence of  Zn 
ions in higher amount compared to MFS-C1 and MFS-C2. 

In addition, heat release between 4 to 6 h is generally dissolution of  ZnO and residual elements present 
in MFS slag. For instance [15] studied the hydration of  OPC in the presence of  Zn ions and stated that 
Zn2+ ions in presence of  alkaline medium tend to form species such as Zn(OH)3

-, Zn(OH)4
2- and/or 

Ca(Zn(OH)3)2.2H2O resulting in an exothermic reaction and retarding effect. Moreover, altered MFS slags 
showed lower heat production rate in this region and retardation effect compared to the MFS, due to the 
presence of  less ZnO (loss of  ZnO during thermal processing). For instance [16-17] proposed a model and 
optimum process for continuous fuming of  Zn bearing residues. It is stated in their findings that liquidus 
temperature of  ZnO in the system of   CaO-FeO-Fe2O3-PbO-SiO2-ZnO ranges from 1100 to 1200 °C. 
With their findings, it can be assumed that ZnO can be lost during re-melting of  the MFS slag at 1220 °C 
for 1 h.   

Gradual increase in the heat release can be found in the region from 20 to 60 h (Fig. 1b). This peak possibly 
indicates the participation of  Ca ions from slags to form binder phase such as C-S-(A)-H, AFt or AFm 
phases since this peak is more pronounced for “Ca” modified MFS slags. Moreover with increase in CaO 
content in the glass phase as for MFS-C2, an enhanced heat profile can be observed. 

Although, the MFS-C1 and MFS-C2 showed enhanced heat release in the duration between 20 to 60 h, 
cumulative heat production (Figure 1c) for the MFS-C1 & MFS-C2 slag was only slightly higher than for 
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the MFS slag due to the increased heat profile of  MFS slag between 4 to 8 h.  

Figure 1 Analysis of  the R3 model paste: a) calorimetric profile ti l l  10 h -  heat production rate 
(J/h.g.SCM) vs hydration time (h); b) calorimetric profile ti l l  60 h -  heat production rate (J/h.g.SCM) 
vs hydration time; c) calorimetric profile -  cumulative heat production (J/h.g.SCM) vs hydration time  

3.2.2 CH consumption
CH consumption calculated for the MFS slag along with MFS-C1 and MFS-C2 as per the RILEM TC 
267-TRM protocol is shown in Fig. 2a. From this figure, it can be seen that Ca altered MFS slags have 
consumed higher amount of  CH compared to the MFS slag, possibly due to pozzolanic reaction. This 
seems contrary to the initial expectation that presence of  Ca in the system tends to improve the latent 
hydraulic properties by self-reacting with H2O to produce C-S-H along with CH [18-19] which would imply 
decreased CH consumption for Ca rich MFS slags. However, the actual results can most likely be attributed 
to the enhanced slag dissolution rate which increases with the increasing CaO content in the system. Due to 
this reason, more CH is consumed by the Si2+ ions as a result of  pozzolanic activity than for the MFS slag. 
For instance, [20] studied the early hydration mechanism of  the alkalis with slag (GGBFS) with different 
sodium activators. The author finally concluded that early hydration of  the slag in the presence of  alkalis 
is more dominated by the Ca2+ dissolved from the slag than by the initial pH of  the activators. Due to this 
fact, presence of  Ca2+ ions in the glassy phase of  MFS-C2 improves the dissolution rate and reactivity. In 
addition, [13] also published the results of  a Round Robin Test (RRT) conducted on wide range of  SCM as 
per R3 model. From their results, it is noted that calcium rich fly ash (Ca/Si = 0.3) showed comparable result 
in CH consumption as MFS-C2 (Ca/Si = 0.4). However, silica rich fly ash (Ca/Si = 0.01) showed decreased 
CH consumption compared to the MFS-C2. Thus supporting the hypothesis that increased Ca2+ could also 
enhance the pozzolanic reaction, thus consuming more CH.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

658

IC
SBM

 2019
ID

 034

Figure 2 Analysis of  the R3 modelled paste: a) CH consumption from TGA analysis; b)XRD analysis 
of  the R3 modelled paste

3.2.3 XRD analysis
XRD analysis of  the R3 hydrated paste at 7 days shows the possible formation of  crystalline binder phases 
with the MFS slags (Fig 2b). The main hydration products as a result of  pozzolanic reaction or latent 
hydraulic behaviour are usually C-(A)S-H, AFt and AFm. However, these reaction products strongly depend 
on the chemistry of  the SCMs. Upon activation of  the SCM, the glassy phase of  SCM slowly dissolves and 
releases continuously Ca2+, Si2+, Al3+, and OH- ions (depending on its mineralogy) into the solution, which 
precipitate as calcium silicate hydrates C-S-H, ettringite (AFt) and/or AFm phases. Commonly occurring 
AFm phases are Al-hemi carbonate (Al-Hc) and Al-mono carbonate (Al-Mc). Moreover, [21], [22] proposed 
that hemi carbonate is usually unstable with respect to mono carbonate in presence of  CO3

2-. 

MFS slag and Ca altered MFS slags contain about 40 wt.% FeO (Fe2+ = 90 wt.%, Fe3+ = 10 wt.%) in their 
glassy phase. Upon activation of  the MFS slags, preferably Fe 2+ ions can dissolve and form Fe containing 
AFm and/or AFt [23]. From XRD analysis, three distinct peaks in the range around the 2θ= 9–9.2°, 11-
11.3° and 12-12.3° can be observed. It can be speculated that due to the presence of  low Al content in 
the MFS slag these peaks around 2θ= 9.1°, 11° and 12.1° correspond to the Fe incorporating AFt phase, 
Fe-Mc and Fe-Hc respectively. For instance, [23–26] proposed that a main peak at 2θ= 9.13° corresponds 
to Fe-AFt, 2θ= 11° corresponds to Fe-Mc and 2θ= 12.1° corresponds to Fe-Hc. As also seen in Fig 
2, the presence of  the Fe- AFt and Fe-Mc are only noticed for the Ca altered slag, possibly proposing 
that increasing Ca content in the glassy phase tends to improve the dissolution of  Fe which contributes 
in formation of  Fe-AFt and stable Fe-Mc. In addition [27] proposed that Al3+ in the AFt phase can be 
substituted by Fe3+ as well as by Cr 3+.  Moreover, it is quite important to distinguish between the AFt/
AFm phase incorporating Al and/or Fe due to the possible formation of  solid solution series between 
Al-ettringite and Fe-ettringite [28]. Solid solution is a solid mixture a containing minor component (in this 
case: Al3+) within the crystal lattice replacing the major component (in this case: Fe2+) [29–31]. For instance, 
due to the presence of  Al3+ ions in the MFS slag and Ca rich MFS slag,  Fe-AFt and Fe-Mc/Hc found from 
XRD analysis can also incorporate Al3+ ions. Further investigations through synchrotron X-ray absorption 
spectroscopy or Mössbauer spectroscopy are needed to verify the contribution of  Fe in hydration and 
incorporation of  Al3+ ions in the system.
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3.2.4 In-situ XRD measurement of  the R3 hydrated MFS slags
Investigation of  the evolution and devolution of  the crystalline phases for the first 24 h in the R3 modelled 
paste was carried out by in-situ XRD. In-situ XRD analysis of  the R3 modelled paste did not show formation 
of  a crystalline phase in the first 24 h (Figure 3). As discussed in the XRD analysis results, MFS slag and Ca 
altered MFS slag showed presence of  AFt (2θ= 9.1 °) and AFm (2θ=11 ° and 12.1 °) phases after 7 days. 
However, no phase evolution can be seen from in-situ XRD stating that phases such as AFt and AFm tend 
to form only after 24 h in R3 modelled paste for MFS slag and Ca adapted MFS slags. With respect to the 
CH, no clear change in intensity can be observed around 2θ = 18 ° for all samples suggesting that CH could 
be consumed only after 24 h. 

Figure 3 In-situ XRD analysis of  the R3 modelled paste: a) MFS; b) MFS-C1; c) MFS-C2

4. Conclusions
In this work, the reactivity of  proprietary MFS slag was improved by thermal and chemical alteration at 
1220 ± 10 °C for 1 h with CaCO3 at lab scale. Reactivity assessment through RILEM TC 267-TRM showed 
that Ca rich MFS slag showed improved reactivity in both calorimetric analysis and CH consumption. The 
following can be stated as the main findings of  this work: 

1. As the heat release is attributed to the dissolution and formation of  the phases, it was observed that 
MFS-C2 showed slightly increased heat production rate compared to MFS and MFS-C1 indicating that 
the presence of  “Ca” in the system tends to increase the reactivity. 

2. Enhanced slag dissolution was observed with increasing CaO in the MFS-C1 and MFS-C2. Thus, more 
CH was consumed by the Si2+ in the system as a result of  pozzolanic activity compared to MFS slag.   

3. Zn2+ ions from MFS slag in presence of  alkaline medium tend to form species such as Zn(OH)3
-, 

Zn(OH)4
2- and/or Ca(Zn(OH)3)2.2H2O resulting in a retardation effect and strong heat release. 

However, further investigation through pore solution analysis is needed to verify the dissolution and 
participation of  Zn2+ ions from the MFS slag. 
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4. XRD analysis after 7 days showed that increasing the Ca content in the glassy phase tends to improve 
the dissolution of  Fe which contributes to the formation of  Fe-AFt and stable Fe-Mc. However, in-situ 
XRD used to investigate the reaction mechanism did not show formation of  binder for the first 24 h 
and suggested that the Fe-AFt and stable Fe-Mc likely formed after 24 h.  

To increase the reactivity of  the current industrial MFS slag,  a promising solution is addition of  CaCO3 to 
the production process. However, industrial implementation of  this process may raise questions regarding 
the sustainability since addition of  CaCO3 to the production process also emits CO2 which contributes to 
the global warming. So, as a next step, an industrial by-product with glassy phase containing mainly CaO in 
its chemical composition will be used as an additive for the thermal processing of  the MFS slag. By using 
this by-product as a raw material for thermal processing, increased circular economy will be achieved.   
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Abstract

In Switzerland, concrete fines from construction and demolition waste (C&DW) are usually down-cycled 
for low quality purposes. Therefore, companies have few incentives to improve the demolition process 
separating the coarse aggregates, sand and the hardened cement matrix. The use of  concrete fines from 
demolition waste, however, could increase value added for companies if  properly used in the cement and 
concrete production. These could be used either to replace part of  the raw materials in clinker production 
or as supplementary cementitious materials (SCM’s) reducing the clinker content in cement. Furthermore, 
they can also be used to replace virgin sand in the concrete production. All these alternative uses of  
concrete fines will effect CO2-emissions in the Life-Cycle of  concrete as well as resource consumption and 
production costs. 

In the ongoing research project “CLOSE”, we investigate alternative uses of  fines from construction 
and demolition waste and evaluate their benefits from an environmental and an economic perspective. 
We also assess possible effects on the quality of  concrete produced with these secondary materials, also 
considering the carbonation of  the concrete fines. We work in close collaboration with cement producer 
JURA Materials, as industry partners, using simulation methods as well as comprehensive material testing 
according the Swiss standards for cement and concrete.material testing. For the evaluation of  environmental 
and economic impacts, we use Life-Cycle-Assessment focussing on GWP (including the effect of  carbon 
uptake by carbonisation of  crushed concrete) as well as cost calculation methods. It is a feasibility study 
to identify the most promising use of  recycled concrete fines and show requirements for appropriate 
demolition processes and preparation process as well.

In this early-stage paper, we focus on using crushed concrete fine as a raw material substitute in cement 
production and discuss the chemical composition of  construction and demolition waste (C&DW), the 
carbon uptake and Life-Cycle-Assessment (LCA). First preliminary results are presented and discussed.

Keywords: concrete, cement, recycling, construction and demolition waste, LCA

1. Introduction

In Switzerland, around 15 million tons of  construction & demolition waste (C&DW) were produced in 
2014 [1], of  which approximately 7 million tons are concrete and mixed demolition waste (e.g. masonry). 
According recent studies [2], [3] the amount of  construction waste from building construction will increase 
significantly due to a higher demolition and renovation ratio. It is assumed, that the amount of  C&DW in 
the building construction will increase to 9 million tons in 2025. In Figure 1 it can be seen, that the biggest 
increase is to be expected in concrete waste, as the amount of  mixed construction waste will remain stable. 
This is due to the fact, that there is an increasing demolition ration of  buildings from 1961 and younger, 
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which are mainly made of  concrete. Today, the highest demolition rate is still at buildings aged around 60 
to 70 years (build 1947 until 1960), where the share of  masonry is higher than concrete [2].

Figure 1: Development 2005-2025 of  construction waste by material group in the building 
construction [2]

As result of  the increasing amount of  waste, the Federal Office for the Environment of  Switzerland(FOEN) 
declared in 2016, that all waste such as municipal waste or construction and demolition waste “must be 
recycled or recovered for energy” [4]. The condition is, that the recovery “does less harm to the environment 
than (a) any other form of  disposal; and (b) the manufacture of  new products or the acquisition of  other 
heating fuels”. In addition, the “Recovery must be carried out according to the state of  the art”. Around 
70-80 % of  the overall C&DW, as of  today, is recycled for building materials, while the rest is deposited 
or burned in waste incineration plants [1], [5]. However, most of  the processed C&DW is “down-cycled” 
into materials with subordinate technical requirements such as lean concrete or as road subbase material 
[6]. One reason for the Downcycling is the crushed concrete sand with grain sizes smaller than 4 mm. The 
European Cement Research Academy [7] states, that the re-use of  crushed concrete is a challenge due to 
the less favourable properties of  the crushed concrete fines.

By considering the above-mentioned amount of  concrete waste in the building construction sector in 
Switzerland, it becomes clear, that there is a high potential in the optimisation of  the use of  the crushed 
concrete sand. In 2015, approximately 2.5 million tons of  concrete waste have accrued. When crushing this 
concrete waste to aggregate of  a typical grading curve (for example Fuller 0/32 mm), we can estimate, that 
there is a share of  around 35 % (0.875 million tons) of  crushed concrete fines 0/4 mm. As stated before, 
this sand is usually used for low-quality purposes, which means, that the special properties of  the sand, for 
example the possible reactivity of  the cement paste, remains unused. 

The Swiss cement and concrete industry makes a major contribution to the recycling of  waste. As shown 
in Figure 2, secondary materials are used in various processes along the value chain as alternative fuels and 
raw materials (AFR) in cement kilns, as supplementary cementious materials (SCMs) in the cement mill or 
concrete production or as aggregates in concrete production. This common practice reduces the burden 
on the environment in three ways: by saving natural resources (lime, marl, gravel, sand, coal and oil), by 
reducing waste and by reducing greenhouse gas emissions [6]. The latter effect in particular is decisive, as 
the contribution of  the cement and concrete industry to the greenhouse effect is considerable, accounting 
for around 8% of  total carbon dioxide emissions worldwide [8]. For years, the industry has been using 
conventional technologies to reduce CO2 emissions: increasing energy efficiency, clinker substitution and 
the use of  alternative fuels. However, their potential has now largely been exhausted. As a result, little 
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progress is being made in reducing CO2 emissions [9], [10].

Figure 2: value chain of  cement and concrete

[11] suggest that recycling of  concrete fine from demolition could further reduce CO2 emissions in the 
concrete product system. Yet, quality of  crushed sand has a significant influence on the possibilities of  
returning the crushed sand to cement and concrete production. On the one hand it depends on the methods 
of  concrete demolition treatment [12]–[14] and on the other hand it is also influenced by whether the 
storage of  concrete demolition increases the uptake of  CO2 in the cement paste. This storage is currently 
being discussed in the cement industry in order to make an additional contribution to climate protection 
[15]–[17]. 

This is where the here presented research project CLOSE comes in. Its aim is to optimize the usage of  
concrete demolition waste, especially the crushed concrete fines as a by-product. The economic efficiency 
of  concrete recycling will be significantly improved if  this crushed sand can be used profitably in cement 
and concrete production. In the CLOSE project, three technically viable applications of  this crushed 
sand are to be evaluated according to sustainability criteria with a focus on climate protection, resource 
conservation and waste avoidance.

In order to develop concrete specifications for the further development of  concrete demolition processing 
methods, it must be known which crushed sand quality is to be aimed for. This requirement depends on 
how the crushed sand is returned to the cement and concrete production. Possible applications (see Figure 
2) would be: (i) as a raw meal substitute, (ii) as additives in cement mills or concrete production or (iii) as 
aggregates in concrete production. 

Looking at the year 2015, 4.2 million tons of  cement where produced in Switzerland [9] which corresponds 
to a consumption of  raw materials of  approx. 5 million tons. Considering the above calculated amount of  
available crushed concrete fines (0.875 million tons), the possible substitution of  raw material in the clinker 
production is calculated to 17 %. In the same period, 39.8 million tons of  concrete where produced [18]. 
Assuming, that around 70 % of  the concrete is aggregate and 35 % of  that is the fine fraction of  sand 0/4 
mm, the amount of  virgin sand used for the concrete production is approx. 9.75 million tons. That leads to 
a maximum substitution ratio of  concrete fines of  9 %, assuming that all of  the available crushed concrete 
fines are usable. 

Based on these interrelationships, an evaluation of  the possible application sites of  crushed sand represents 
an essential prerequisite for the development of  suitable processing methods.
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In the project, the following research questions are to be answered:

1. To what extent can CO2 emissions be reduced in cement production (taking carbonation into account)?

2. To what extent can the consumption of  natural resources (lime, marl, gravel, coal and oil) in cement 
production be reduced by recycling crushed concrete sand?

3. What are the risks for cement and concrete quality?

4. What are the requirements for the quality and quantity of  the cement paste present in the crushed sand? 

In this paper, we focus on using crushed concrete fine as a raw material substitute in cement production. 
By investigating the chemical composition, calculating the carbon uptake and investigating the life cycle of  
concrete regarding the carbon uptake, we try to answer the first and second above-mentioned questions.

2. State of  research

2.1 Concrete fines as raw material for the clinker production
In recent years, several studies have dealt with the quality of  construction and demolition waste and their 
use in the cement and concrete production. On the one hand, the focus was placed on the treatment 
processes of  C&DW, on the other hand several studies investigated the quality of  the aggregates for the use 
as a raw material in the cement industry and came to the conclusion, that the fine aggregate can be used as 
a raw material [6], [7], [14], [19], [20]. 

2.1.1	 Chemical	composition	of 	the	crushed	concrete	fines
Raw materials containing calcium (Ca), silicon (Si), aluminium (Al) and iron (Fe) as main components are 
used for the production of  cement clinker [21]. These are usually limestone, clay and marl.  Therefore, the 
chemical composition of  the crushed concrete determines the possibilities for the usage of  the concrete 
fines [22]. 

One study stated [14], that “if  the recycled material consists mainly of  concrete, it can serve as a CaO-
containing component in cement production, if  the proportion of  bricks predominates, it can be used as 
an Al2O3 carrier.”. Several studies investigated the chemical composition of  recycled concrete fines [14], 
[19], [20], [23]. As recycled crushed concrete sand mainly contains CaO and SiO2 it is particularly suitable 
as a clay substitute in clinker production due to its chemical composition [22]. However, depending on the 
used virgin aggregate (silicate or calcite), the content of  CaO and SiO2 may vary significantly (see Table 1), 
which makes it essential to determine the chemical compositions of  the material which is to be utilized.

Table 1: chemical composition of  crushed concrete materials [22]

[M-%] SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

Crushed 
concrete 
materials
n = 65

Ø 64.8 6.1 2.5 12.3 1.2 1.7 0.8 0.6

Min 16.0 2.1 0.9 5.0 0.4 0.3 0.1 0.3

Max 77.9 9.2 4.2 37.5 6.5 4.9 1.7 1.3

2.1.2 Burnability
One aim of  the project is to investigate the possibility to minimize the environmental impact by using 
crushed concrete fines. As the burning process of  the clinker production represents the highest energy 
demand in the value chain, it is essential, that the usage of  crushed concrete fines as a substitute for raw 
material does not lead to a higher energy demand or higher CO2-emmissions. According to [6], a reduction 
of  the firing temperature when using crushed concrete fines as substitution is possible, which would reduce 
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the energy demand of  the clinker production. However, it must be noted, that the synthesis of  C3S does 
not take place completely during the firing process, which leads to a low early strength [20], [23]. The higher 
the substitution rate, the lower is the C3S content, which, in the end, leads to a loss of  compressive strength.

2.2 Carbon uptake
Concrete is able to capture CO2 in its service life through carbonation, leading to a significant decrease of  
the total CO2 emissions in the value chain of  concrete [24], [25]. In this process, the CO2 from the air is 
bound by the calcium hydroxide Ca(OH)2 in concrete forming calcium carbonate CaCO3. As this process 
depends on several boundary conditions like accessible surface, cement composition, concrete quality or 
exposure conditions [26], there is no consensus in research as to how much CO2 can be rebound. The 
values in recent studies vary between 10 and 40 % [16], [25], [27]. 

2.2.1 Surface area
Even if  the values of  the possible uptake fluctuate in current research and are subject to uncertainties, all 
studies clearly show that the CO2 absorption in the recycling phase is significantly higher than during the 
lifetime (see Figure 3), as the crushing of  the concrete significantly increases its specific surface area and 
exposes areas that have not yet been carbonated. It is stated that crushed construction and demolition waste 
(C&DW) can bind more CO2  than the concrete in the actual construction and, therefore, contributes to 
further reduce CO2 emissions if  prepared and stored in a favorable way [26], [28]. 

2.2.2 Water-Cement-Ratio
A higher water/cement ratio (w/c-ratio) causes a higher porosity leading to a higher surface area exposed 
to CO2. According a recent study [29], the carbonation rate is highest at a w/c-ratio of  0.6. Another study 
[30] also concluded that mortar and concrete with a higher w/c-ratio can bind more CO2 as another study 
set am optimum w/c-ratio at 0.45 [31]. 

2.2.3 Humidity
According to [33], the maximum speed of  carbonation can be achieved at a relative humidity of  60 to 80%. 
Humidity plays an important role for two reasons. Firstly, the presence of  water is a prerequisite for starting 
the chemical reaction. On the other hand, too much moisture inhibits the reaction, as the CO2 can penetrate 
less quickly. Therefore, a relative humidity of  50 to 70% is assumed to be optimal for carbonation [26].

2.2.4 Targeted carbonation
Due to the carbonation process the density of  the cement paste increases, while the porosity decreases. This 
is due to the fact that the end product of  the chemical reaction, CaCO3 has a higher density than the starting 
product Ca(OH)2. For this reason, there are already several studies dealing with targeted carbonation. The 
aim is not only to reclaim CO2, but also to improve the properties of  the crushed sand. According to [15], 
[31], [33], the treatment of  aggregates with CO2 leads to an increase in bulk density and thus to a reduction 
in porosity. In particular, capillary porosity is reduced, which has a positive effect on compressive strength 
compared to a reference concrete with the same aggregate. 

In the case of  using the crushed concrete fines as substitute of  raw material in the clinker production, as 
described in this paper, a low carbonation ratio is desired, as otherwise the bound CO2 must be released 
again in the combustion process in the clinker production.
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Figure 3: Rebinding of  CO2 by carbonation of  concrete [32]

2.3 Life-Cycle-Assessment of  concrete
Life cycle assessment (LCA) is a methodological framework used to assess environmental impacts of  a 
product or service from a life cycle perspective, including resource extraction, production, use and end-of-
life activities (e.g. waste treatment). Its development started in the 1960s focusing on the comparison of  
environmental impact of  consumer goods and first studies in the construction sector appear in the1980s 
[34]. A common methodological framework wasn’t developed until the late 1990s when the International 
Organization for Standardization (ISO) published its 14040 series [35], [36]

Since then, the interest in LCA rapidly increased. It encouraged the development of  a specific methodological 
framework for LCA of  building materials and products with a set of  environmental data defined by pre-set 
categories of  parameters based on the ISO14040 series. It results in Environmental Product Declarations 
(EPDs) and was standardized on a general level by ISO (ISO Technical committee (TC) 59 ‘Building 
Construction’) [37] as well as by the European Committee for Standardization (CEN) in its Technical 
Committee (TC) 350 ‘Sustainability of  construction works’. This led to the emergence of  EPD programs 
(mostly in Europe, Canada and the US) that started developing and publishing specific methodological 
frameworks for product categories, called PCRs (Product Category Rules). In 2015, [38] state that more 
than 28 EPD programs exist worldwide  referring to ISO 14025” (…), providing more than 2256 PCR 
documents and more than 3600 EPDs. Yet, the growing number of  LCA studies for construction materials 
also revealed the need to further develop the method [34], [39]–[42]. 

Looking at different LCA studies for concrete there is a surprisingly wide rage in the results for different 
environmental impacts such as Global Warming Potential (GWP) or Cumulative Energy Demand (CED). 
Some of  this variation can be explained by the use of  different data sources or methodological choices 
[38], [43], [44]. Yet, even within an identical methodological framework using the same data sources, results 
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can vary up to 100% for the same type of  concrete [45]. For LCA experts, this reveals the need to further 
develop the method [34], [39]–[42].

Along the value chain of  cement and concrete production several strategies have been identified to reduce 
environmental impacts [11], [46]–[48]. The most significant strategies are:

• improving the energy efficiency of  cement plants and substituting fossil fuels in the cement kiln

• reducing the clinker content in cement (clinker to cement ratio)

• reducing the cement content in concrete

• optimizing the use of  concrete in construction

By implementing all strategies in parallel by different stakeholders, it is claimed, that CO2-emissions of  
concrete production worldwide could be reduced by about 80 % until 2050 [47].

Considering carbonation, it is assumed, that recycling demolished concrete could further reduce CO2 
emissions from the cement and concrete industry. At the same time, the consumption of  mineral raw 
materials can be reduced [19]. Two effects are decisive for this:

Through the targeted processing and storage of  concrete demolition, the rebinding of  CO2 in the cement 
paste can be significantly increased. Individual studies estimate that 10-15% of  the amount of  carbon 
dioxide produced in the cement kiln during clinker production can be bound during a few years [26], [49]. 
Carbonation causes limestone to form and compact in the cement stone. This limestone can be used as a 
secondary raw material in cement production.

The production of  concrete granulate also results in a fine fraction (crushed sand) consisting of  sand, 
hard cement stone and fine foreign particles (such as wood and plastic particles). Due to insufficient 
quality, crushed sand is not yet used in a targeted manner. The CO2-intensive cement stone is lost unused. 
However, this material could be reused in cement and concrete production and thus contribute to reducing 
environmental pollution. 

The described project will evaluate to what extent the environmental impacts of  the cement and concrete 
industry can be reduced by further developing processes for recycling concrete demolition. The focus is on 
the use of  crushed sand - a residue from the recycling process - in various processes along the value chain 
(Figure 2).

2.4 Standards
In Europe, the chemical composition of  cement is defined  in EN 197-1:2011 [50]. This standard limits 
the main and secondary constituents as well as their respective contents. The development of  low CO2-
cement with high substitution rates of  the constituents would not be possible within the framework of  
this standard. As the Swiss cement industry aims to reduce the CO2 emissions caused by the cement 
production, the guideline 2049 [51] was published to expand the possible usage of  inorganic components 
and to support the usage of  sustainable cement. In this guideline, new technical requirements and limits of  
the main and secondary constituents are set which make it possible to develop new cement compositions. 
This guideline also regulates the requirements and tests for the durability of  concrete produced with the 
new cement.

However, these standards would only be relevant in the case of  the use of  crushed sand as a supplementary 
cementitious material in the cement mill. When using the crushed concrete sand as a substitute of  raw 
material in the clinker production, the requirements for the clinker in accordance with the standards is given 
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by calculating the setting parameters to produce the respective reference clinker (see 3.2).

3. Methodology and Data

To determine the properties of  the crushed concrete fines and estimate the potential for their use as 
alternative raw material, several testing methods and calculations are used. These are described in the 
following subsections.

3.1 Polarized light microscopy
As a first indicator to validate the possible usage of  the crushed concrete fines, the ratio of  aggregate to 
hardened cement paste is assessed. For this purpose, a sample of  the crushed concrete fine 0/4 mm is poured 
into a fluorescent plastic compound and processed into a thin section. This thin section is then examined 
under the petrographic microscope and the ratio of  aggregate to hardened cement paste estimated.

Figure 4: microscopic image in polarized light

In Figure 4 a picture of  crushed concrete fines collected within this project can be seen. First preliminary 
result of  this first sample have shown that the content of  hardened cement paste is approximately around 
15 %. Further microscopic investigation will lead to results that are more robust.

3.2 XRF 
To determine the chemical composition of  the crushed concrete fines, an X-ray fluorescence spectroscopy 
(XRF) with wavelength dispersive spectrometers is carried out. The specific elements of  the sample are 
identified by measuring the energy of  the emitted radiation, while the amount of  the elements are measured 
by the intensity of  the emitted radiation. With the elements Calcium oxide (CaO), Silicon dioxide (SiO2), 
Aluminium oxide (Al2O3) and ferric oxide (Fe2O3) the setting parameters lime saturation factor (LSF). 
silicate modulus (SM) and alumina modulus (AM) can be calculated as follows:

(1)

(2)
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(3)

These parameters are then used to calculate the needed amounts of  raw materials to produce a pre-defined 
reference clinker with corresponding properties. With the results, we can estimate how much raw material 
can be replaced by the crushed concrete fines.

First preliminary results of  XRD-analysis in this study can be seen in Table 2. These samples of  processed 
C&DW were collected in two different recycling centres in Switzerland. It can be seen, that the contents 
of  the relevant elements (CaO, SiO2, Al2O3 and Fe2O3) can differ significantly. Especially the difference 
of  around 13 % in the content of  CaO must be noted, as it has a crucial impact on the usage of  the 
crushed concrete fines. This difference results in different lime saturation factors (LSF), which are used 
to determine the maximum substitution rate in cement production. [21] states, that the LSF for ordinary 
portland cement should be between 92 and 102. Since the LSF of  the investigated samples is between 21 
and 28 (see Table 2), the assumption can be expressed that these samples are only partly suitable to be used 
as substitution in the cement production. Therefore, further investigations are needed before a definitive 
statement can be provided.

Table 2: preliminary XRF results of  two samples of  crushed concrete fines

 sample 1 sample 2

particle size mm 0-4 0-4
ignition loss % 23.50 20.88

SiO2 % 47.66 41.12

Al2O3 % 5.22 4.87

Fe2O3 % 2.31 2.20

CaO % 39.16 25.96

MgO % 2.32 2.09

SO3 % 0.57 0.40

K2O % 0.98 0.85

Na2O % 0.80 0.63

TiO2 % 0.24 0.22

P2O5 % 0.09 0.09

Mn2O3 % 0.08 0.07

SrO % 0.07 0.06

Cr2O3 % 0.01 0.01

ZnO % 0.01 0.01

Na2O-Eq % 1.10 1.18

LSF  27.78 21.23

SM  6.37 5.82
AM  2.25 2.22

3.3 LCAs of  concrete 
In previous own studies [52] we used an LCA to evaluate how environmental impacts of  concrete product 
systems are affected by 

1. variations of  technical parameters, such as cement content, clinker cement ratio, origin of  aggregate 
or fuel mix, and 

2. alternative methodological choices in LCA, such as allocation regarding carbon uptake. 
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As stated before, the project CLOSE aims to reduce the environmental impacts in the cement- and 
concrete production. In context with the use of  the crushed concrete sand as a raw material substitute, the 
consideration of  CO2 uptake is particularly important (see 2.2). Therefore, the results of  LCAs without 
allocation (see 3.3.2) will be extended with a calculated carbon uptake according [32] (see 3.3.3).

3.3.1 System under investigation
The investigated concrete product system also corresponds to the here described value chain shown in 
Figure 2: We analysed the system with two alternative system boundaries. 

System boundary A “cradle to gate” includes 

• Cement production with kiln and mill with all corresponding up-stream processes needed to supply 
raw materials (lime stone, clay etc.), fuels (coal, oil etc.) and electricity. The supply of  alternative fuels is 
also included, but the allocation of  the associated environmental impacts 

• Concrete production with all corresponding upstream processes needed to supply raw materials (gravel, 
limestone etc.) and electricity. 

• Transport processes between cement and concrete production are explicitly included. All other 
transport processes are modelled as part of  the upstream processes of  supplied materials and energy. 

System boundary B “Cradle to grave” includes the system defined as “cradle to gate” as well as the use 
of  concrete during the service life of  a structure and storage of  crushed concrete at a recycling plant or 
landfill. We model these processes to analyse carbon uptake (see following section). No environmental 
impacts are analysed for these processes.

We compared environmental impacts of  one cubic meter of  concrete (functional unit) of  an ordinary 
construction concrete in Switzerland focussing on the Global warming potential (GWP) according IPCC 
2011 (100 years in kg CO2eq). 

The life cycle inventory was set up in SimaPro 8.5. The data basis for the LCI is ecoinvent Version 3.4 from 
November 2017. As basis, the process “Concrete, sole plate and foundation {CH}| concrete production, 
for civil engineering, with cement CEM II/A | Cut-off, U” in its version 3.0.2.0 was used and modified in 
order to enable varying the concrete mix design. The electricity represents the Swiss electricity production 
mix in 2014. The mix designs of  the respective concrete can be seen in Table 3:

Table 3: mix design of  the concretes for LCA [52]

280 
CEM I 
round

300 
CEM I 
round

320 
CEM I 
round

350 
CEM I 
round

280 
CEM I 
crushed

280 
CEM II 

/ A 
round

280 
CEM II 

/ B 
round

280 
CEM III 

/ A 
round

280 
CEM III 

/ B 
round

280 
CEM III 

/ C 
round

1 2 3 4 5 6 7 8 9 10
cement-content kg/m³ 280 300 320 350 280 280 280 280 280 280

clinker-ratio % 95 95 95 95 95 80 65 35 20 5
blast furnace 

slag % 15 30 60 75 90

gypsum % 5 5 5 5 5 5 5 5 5 5
sand kg/m³ 668 678 678 657 668 668 668 668 668 668

gravel kg/m³ 1221 1241 1212 1201 1221 1221 1221 1221 1221 1221
water kg/m³ 190 190 190 190 190 190 190 190 190 190

Fuel mix Swiss mix 2014
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3.3.2 Results without allocation
Different scenarios were defined to analyse how environmental impacts are affected by variations of  technical 
parameters in LCA. We focus on the technical parameters with a significant influence on environmental 
impacts of  the product system [47]: cement content level, clinker-cement-ratio and geometric shape of  
the aggregates (round vs. crushed). Carbon uptake is not considered as technical parameter because no 
technologies have been implemented up to now to increase CO2 binding during service life and recycling. 
An ordinary construction concrete with 280 kg/m³ and round aggregates was chosen as reference. 

Table 4: results of  LCAs without allocation 

1 2 3 4 5 6 7 8 9 10

IPCC 2011 GWP 100a 
[kg CO2 eq] 231.25 246.94 262.34 285.48 234.13 208.79 186.33 141.42 118.96 96.50

The results of  the LCAs are shown in Table 4. It can be seen, that the environmental impact, calculated as 
GWP, increases as the cement content increases in the mix designs 1 – 4. The increasing usage of  ground 
granulated blast furnace slag in the mixes 6 – 10 results in decreasing CO2-emmissions. The usage of  
crushed aggregate (mix 5) instead of  round aggregates leads to a slight increase of  the GWP of  3 kg CO2 
eq.

3.3.3 Results considering carbon uptake
In DIN EN 16757 [32] an allocation method for the carbon uptake is presented. There, several calculations 
are made to estimate the carbon uptake in total, during service life of  concrete structures and through 
its usage stage and in its end-of-life phase. The formula for calculating the maximum carbon uptake is as 
follows:

(4)

Where the amount of  reactive CaO is about 65 %, the molar weight of  CO2 is 44 g/mol and for CaO 56 
g/mol, respectively [32]. If  we apply the calculation to the mix designs investigated in [52] (see Table 3), the 
following maximum carbon uptake are as follows:

Table 5: results considering CO2 uptake according [32], [52]

1 2 3 4 5 6 7 8 9 10

max. carbon uptake [kg CO2] 136 146 155 170 136 114 93 50 29 7

75 % carbon uptake [kg CO2] 102 109 116 127 102 86 70 38 21 5

In Table 5 it can be seen, that a maximum carbonation would lead to a significant uptake of  carbon dioxide 
from the air, which in turn would lead to a significant lower environmental impact regarding CO2. However, 
it must be noted that the carbonation of  concrete depends on several conditions (see 2.2).Assuming, that 
around 75 % of  the carbonation can be reached during service life and end-of-life phase [32], up to 127 kg 
CO2 can be bound back in the mix 4 with 350 kg cement. Due to its chemical composition, blast furnace 
slag is not able to capture CO2 like ordinary Portland cement, which can also be seen in Table 5 (mix 6 – 10).

3.3.4 Carbon uptake of  crushed concrete in the cement production
This carbon uptake is highly relevant for the usage of  the crushed concrete sand as substitute for raw 
material, as a high carbonation would lead to a high amount of  CO2, which must be expelled again during the 
burning process. However, exactly this amount of  bound CO2 would be used as a credit for environmental 
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product declarations (EPD) as it is not counted as geogenic CO2. In that case, double counting has to be 
considered and avoided. 

A low carbonation, and therefore a low CO2 amount in the substitute would lead to a lower energy demand 
in the burning process as the burning temperatures or burning time can be optimized. This would lower on 
the one side the overall environmental impacts of  the clinker production, but also the economic impacts as 
the production process can be optimized.

4. Discussion and conclusions

Efforts to optimise the recycling of  mineral construction waste today focus on mixed demolition, as there 
are currently too few recycling possibilities for this secondary building material. The demolition of  concrete 
is not yet considered a problem and the potential of  its recycling is not yet sufficiently recognised. 

This will change in the coming years or decades, because:

• The amount of  concrete demolition will increase once the concrete structures from the second half  
of  the last century have reached the end of  their useful life. Since 1960, the proportion of  concrete 
structures/components in the building stock has increased continuously. Therefore, the proportion 
of  mixed demolition in mineral construction waste will decrease in the future and the proportion of  
concrete demolition will increase accordingly.

• The possible uses of  RC concretes in structural engineering will increase and with it the demands 
on the building material. Today, qualitative deficiencies in the concrete granulate are compensated by 
adjustments in the concrete mix design (more cement, more admixtures). This leads to higher costs 
and environmental pollution. In the future, attempts will be made to improve the quality of  concrete 
demolition. 

• The pressure on the cement industry to make its contribution to climate protection is increasing (e.g. 
through higher CO2 fees and measures taken by public clients). Many representatives of  this industry 
see a promising approach to solving this problem by rebinding CO2 in concrete. For this, the greatest 
potential lies in the rebinding capacity in the crushed sand of  the concrete demolition.

For these reasons, efforts to develop new processes for the separation and processing of  C&DW will 
increase significantly in the coming years and further investigations for the usage of  C&DW will be 
necessary. The here described research project improves the decision-making basis for the development of  
new technologies and possibilities to use a material which, until now, is down-cycled.

As this project is still in an early stage, further investigations has to be carried out in order to present robust 
results and discuss these results regarding the alternative uses of  fines from construction and demolition 
waste and their benefits from an environmental and an economic perspective.
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Abstract

When recycling concrete as aggregates, an important part to investigate is to use the fraction of  fine 
recycled concrete aggregates (FRCA) as it constitutes 40-60% of  the crushed concrete. If  the FRCA is 
to be recycled in concrete and mortar, it is necessary to know the properties of  the FRCA to guarantee a 
sufficient performance of  the new concrete, and especially the morphology and water absorption are of  
major importance. This study investigates (FRCA) and methods for measuring water absorption. 

FRCA has a significantly higher water absorption than fine natural aggregates and the attached mortar in 
the FRCA often add binding properties, this makes the standard test difficult to implement. The standard 
testing procedure of  water absorption measurement for FRCA can, therefore, have low reproducibility and 
reliability, due to the assessment of  the saturated-surface-dry state indicates a reliance on the test operator 
and the different properties of  the recycled and natural aggregates. 

In order to investigate methods for measuring water absorption, the FRCA’s properties were characterised, 
and the standard test method, EN 1097-6, was analysed and compared with two proposed methods as 
an alternative. The proposed methods are evaporative methods, where the drying kinetics is measured of  
an initially water-saturated powder layer, by two different test set up and a conductivity method with the 
decreasing conductivity as a function of  the water content. The FRCAs were obtained from demolition 
sites in the area around Copenhagen. The morphology of  the FRCA was studied in a microscope. The 
comparison of  the methods for measurement of  water absorption indicates that measurements by the two 
alternative methods give more cohesion and reliable results for FRCA than the standard method. 

Keywords: Concrete, Recycled concrete aggregates, Fine aggregates, Water absorption
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Abstract 

Concrete manufacturing impacts the environment and construction industry sustainability. The impact is 
reducible by either using less cement or replacing it with secondary cementitious materials (SCMs). Limited 
potential for further reduction has been identified, due to low SCM availability. Fly ash from municipal 
solid waste incineration (MSWI) is an unused material, that could be used as an SCM to further reduce the 
environmental impact. Before implementing MSWI fly ash for use in cement-based materials, its chemical 
and physical properties should be evaluated. The present study aims to evaluate the potential of  using 
untreated MSWI fly ash in cement-based materials and its quality, by comparing the chemical properties of  
MSWI fly ash samples with the chemical requirements of  coal fly ash specified in EN 450-1 2012, as well as 
analysing their potential as filler materials. The screened ash in the present study was sourced from different 
types of  combustion units, in different locations, and from the same location at varying times. MSWI fly ash 
samples were acquired from three different combustion units, located in Denmark, Sweden and Greenland 
respectively. Two fly ash samples were acquired from both the units in Denmark and Greenland, sourced 
several months apart and one from the unit in Sweden. The screening showed that the five fly ash samples, 
based on their chemical properties, were unsuited for use in cement-based materials. The samples potential 
as filler materials were found to be limited for all but one sample that had a slightly finer particle size 
distribution than CEM I cement. 

Keywords: Screening, Characterization, MSWI Fly Ash, Cement

1. Introduction

Construction of  new buildings and infrastructure consume large quantities of  manmade goods and raw 
materials, greatly impacting the environment and sustainability of  the construction industry. In 2016, the 
production of  cement contributed to 8% of  the global anthropogenic CO2 emissions [1]. The environmental 
impact is not caused by production emissions alone, also the large amount of  cement consumed during 
construction [2].

The environmental impact can be reduced by making concrete with less cement, replacing part the cement 
with SCMs [3]. Cement has already been partially replaced with SCMs to great effect, retaining or improving 
the quality of  the concrete, through latent hydraulic or pozzolanic reactions [3]. Limited potential for 
further CO2 reduction has been identified, due to a low availability of  certain SCMs, and can be solved by 
introducing new sources of  SCMs [4].
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In the past decades, several countries have introduced changes to their disposal of  municipal solid waste, 
recycling or incinerating the waste instead of  landfilling it. Municipal solid waste incineration results in 
several by-products, such as fly ash that are unused and landfilled, due to its toxic heavy metal content [5]. 
It has been proposed that MSWI fly ash could be used for cement production or in concrete as an SCM [6] 
where the heavy metals can be sequestered, reducing heavy metal leaching [7]. 

Before untreated MSWI fly ash can be utilized in cement-based materials, and the heavy metals sequestered, 
it must first be screened based on its quality. This is accomplished by first characterizing MSWI fly ash 
samples, and evaluate their chemical and physical properties. The chemical properties were evaluated by 
comparing them with the chemical requirements specified in the European standard EN 450-1 2012 [8], 
concerning the content of  chloride, sulphate, free and reactive calcium, silicon dioxide, aluminium oxide, 
iron oxide magnesium oxide, as well as phosphate content and total content of  alkalis. The standard 
specifies a maximum for loss on ignition (LOI) as well. Additionally, the chemical properties are also 
assessed based on a Thermogravimetric analysis and x-ray diffraction analysis and the ashes water solubility, 
pH and conductivity. 

The physical properties were evaluated based on the samples potential as filler materials, by analysing the 
particle size distribution and comparing it with the requirements of  filler materials discussed by Mooseberg-
Bustnes et al. [9] and Scrivener et al. [10]. According to Moosberg-Bustnes et al. [9], particles, less than 
125 µm in diameter can can have a physical effect, filling intergranular voids and improving the packing 
density, and a surface chemical effect by enhancing hydration as nucleation sites. According to Scrivener 
et al. [10] the hydration is only enhanced if  the particle size distribution of  the filler materials is finder 
than the cement used. Furthermore, filler materials may increase the degree of  hydration through dilution. 
Untreated MSWI fly ash has been evaluated before. Previous research has partly focused on fly ash samples 
sourced once from a single type of  combustion unit in a single location. 

The present study evaluates untreated MSWI fly ash, based on ash sourced from different types of  
combustion units, in different locations, as well as samples sourced from the same units several months apart. 
Samples were acquired from three different combustion units located in Denmark, Sweden and Greenland 
respectively. Two samples were taken from both the combustion unit in Denmark and Greenland, several 
months apart, and one sample from Sweden. 

2. Methodology

2.1 Materials
The five fly ash samples evaluated in the present study were obtained from commercial MSW combustion 
units, incinerating waste for heat and power. Two of  the ashes, designated Arc-Fa1 and Arc-Fa2, were 
obtained from Amager Bakke, Denmark, in early 2018 and late 2018 respectively. An additional two ashes 
were obtained from the incinerator in Nuuk, Greenland, designated Nuuk-Fa1 and Nuuk-Fa2, in 2017 and 
2018 respectively. 

The final ash sample was obtained from Ryaverket in Borås, Sweden, designated Rya-Fa, in mid-2018. The 
five fly ash samples were sampled on-site by the operators. Relevant data about the three combustion units 
are included in Table 1. Included data represents the average operating conditions during the periods of  
sampling. 
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Table 1: Average operating conditions of  combustion units during sampling periods. 

Amager Bakke Nuuk Incineration Ryaverket

Furnace Grate Fired Grate Fired Fluidized Bed

Incineration Temp.           
1025 1064 900

Waste type Household/
Industrial

Household/
Construction

Household/
Industrial

Boiler Ash 
separation Gravitation Gravitation/

Cyclone
Gravitation/

Cyclone

Flue gas filter type Electrostatic Electrostatic Textile

Incineration 

Capacity       
1680 40 300

Fly Ash        14.8 0.3 8.9

Bottom Ash 237 4.7 17.8

2.2 Analytical Methods
The evaluated samples were dried at 50°C. Each experiment was made in triplicate, with the exception of  
the XRF and XRD analysis.

2.2.1 Particle size distribution
The particle size distribution of  the five ash samples was measured with a Malvern Mastersizer 2000 particle 
size analyser. The particle size distribution was measured in a dry state. CEM I 52.5 N (MS/LA/≤2) cement 
with a bulk and absolute density of  1.1 and 3.2 g/cm3, was used for comparison between cement and the 
five fly ash samples. A Malvern Mastersizer 2000 determines the particle size distribution based on light 
scattering from spherical particles, although MSWI fly ash does not necessarily contain spherical particles.

Chemical Properties

2.2.2 Loss on Ignition
Loss on ignition (LOI) was measured at 950C using a muffle furnace. 5.000 g ash was ignited, in uncovered 
crucibles for 24 hours, and subsequently cooled in a desiccator, ensuring constant mass had been achieved.

2.2.3 pH and Conductivity
The pH and conductivity of  the ashes were measured on samples suspended in demineralized water, at 
L/S 2.5. Plastic bottles containing 5.00 g ash and 12.5 ml demineralized water was shaken for an hour at 
195 rpm. The pH and conductivity were afterwards measured with a radiometer analytical electrode and 
conductivity meter respectively.

2.2.4 Water Soluble Fraction
The weight percentage of  the water-soluble fraction was measured at L/S 5 with three consecutive washings. 
100.00 g of  ash was mixed with 500 ml demineralized water in an Erlenmeyer flask and shaken manually. 
The liquid phase was decanted through a filter, repeating this step for each wash. After the third washing, 
the entire sample was filtered and dried at 50°C until a constant mass had been achieved, and the mass loss 
weighed. 

2.2.5  Water Soluble anion Content
The content of  water-soluble anions was measured with Ion Chromatography (IC) at L/S 2.5. Samples of  
10.00 g ash were mixed with 25 ml demineralized water in 50 ml bottles and shaken for 12 hours at 195 
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rpm. The liquid phase was extracted with a 0.45 µm filter syringe, and the content of  Cl-, SO4
2-

, and NO3
- 

measured.

2.2.6 Carbonate Content
The carbonate content of  the ashes was determined as an equivalent weight percentage of  CaCO3, 
henceforth referred to as CaCO3 eq, from the volume by reaction with hydrochloric acid. The carbonate 
content in the ashes was determined based on a standard curve made from CaCO3. Samples of  2.5000 g ash 
were mixed with 20 ml 10 % HCl in a tightly closed bottle, connected to a Schiebler apparatus for volume 
readings.

2.2.7 Element content analysis 
The elemental content of  the five fly ash samples was determined using XRF analysis. Elements analysed 
were Si, Al, Fe, Ca, Mg, Na, K, S, Cl and P. The analysis was performed by an external laboratory using a 
SPECTRO Gmbh X-LAB 2000 with a Pd-tube on ash samples ground to a particle size below 200 µm. 
Based on the element content, the equivalent content of  oxides was calculated for comparison with En 
450-1 2012 [8].

2.2.8 X-Ray Diffraction
X-Ray-Diffraction was performed using a PanAlytical X’pert PRO Θ-Θ System, with a target metal anode, 
made from Cu and 5 mm beam masks. Intensities were measured from 0 to 90 degrees. Samples were crushed 
with a mortar in order to increase the fineness, and backloaded into samples holders. Peak identification was 
performed using simple phase identification. The detection limit of  the XRD analysis is > 2 wt. %.

2.2.9 Thermogravimetric analysis
Thermogravimetric analysis was performed using a NETZSCH STA 449 F3 Jupiter, fitted with a silicon 
carbide furnace and top loading. Aluminium oxide forms were filled with approximately 35 mg ash and 
initially heated to 29°C for 10 minutes. After 10 minutes, the temperature was raised to 900°C, at 10°C/
min. Nitrogen was used as a purge gas, at a constant flow of  50 ml/min. The results are included as the first 
derivative of  the temperature dependent mass loss.

3. Results and discussion

3.1 Physical properties
The particle size distributions of  the five ash samples are depicted in Figure 1. Rya-Fa and Nuuk-Fa1 had 
the most similar size distributions, with average d10,50,90 values of  8 µm, 19 µm, 41 µm, and 8 µm, 22 µm, 
53 µm respectively. Arc-Fa1 deviated significantly from Nuuk-Fa1 and Rya-Fa. Arc-Fa1 consisted of  finer 
particles than both Rya-Fa and Nuuk-Fa1, with a d10 value of  3  µm, similar to CEM I cement. Furthermore, 
approximately 28 % of  Arc-Fa1 had a particle size below 10 µm.  Arc-Fa1 was found to contain significantly 
coarser particles than Rya-Fa and Nuuk-Fa1, with d50 and d90 values of  50 µm and 248 µm. 
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Figure 1: Particle size distribution of  the five f ly ash samples and CEM I cement.

Date of  sampling was found to greatly affect the particle size distribution. Arc-Fa2 contained finer particles 
than Arc-Fa1 with a d10 value of  9 µm and approximately 13% of  Arc-Fa2 had a particle size below 10 
µm, with d50 and d90 values of  44 µm and 204 µm respectively. Significant differences could be observed 
between Nuuk-Fa2 and Nuuk-Fa1 as well. Nuuk-Fa2 contained both smaller particles than Nuuk-Fa1, with 
d10,50,90 values of  2, 13 and 49 µm, and in slightly larger amounts, resembling CEM I cement in particle size 
distribution. 

Remond et al. [11] and De Boom and Degrez [12] studied the particle size distribution of  MSWI fly ash. 
Remond et al. [11] determined that MSWI fly ash had a size distribution between class C1 cement and 
the standard sand specified in NF/EN 196-1, with particle sizes between 1 µm and 600 µm, and a d50 of  
approximately 180 µm. They determined that MSWI fly ash had a larger spread in particle size than class 
C1 cement and standard sand. De Boom and Degrez [12] investigated electrostatic precipitator fly ash, with 
particles sizes between 0.1 µm and 1000 µm, and an approximate d50 of  55 µm. De Boom and Degrez [12] 
pre sieved their ashes using a 1000 µm sieve. The evaluated fly ash samples of  the present study, deviate 
from Remond et al. [11] and De Boom and Degrez [12], with the exception of  the samples from Amager 
Bakke. Arc-Fa1 and Arc-Fa2 had similar d50 values as the findings of  De Boom and Degrez [12], and a 
similar large spread as reported by Remond et al. [11]. 

The potential filler effect of  the five fly ash samples in the present study appears limited. According to 
Moosberg-Bustnes et al. [9], the addition of  fine particles, with a maximum size of  125 µm can affect 
cement-based materials in two ways. It can have a physical effect, filling intergranular voids, improving 
the Packing density, and a surface chemical effect by enhancing hydration as nucleation sites. According 
to Scrivener et al. [10] the hydration enhancement is relatively minor for materials with a particle size 
distribution similar to cement and is only improved if  the materials has a finer distribution than the cement. 
Furthermore, filler materials may increase the degree of  hydration through dilution, Scrivener et al. [10]. 
Samples from Amager Bakke had particles larger than 125 µm and are not expected to contribute to the 
packing density or act as nucleation sites. Nuuk-Fa1 and Rya-Fa consisted of  particles below 125 µm, and 
could potentially improve the packing density of  cement-based materials. Both are coarser than CEM I 
and are therefore not expected to enhance the hydration as nucleation sites, only through dilution. Nuuk-
Fa2 consisted of  finer particles than CEM I, and could potentially act as nucleation sites to some extent, 
in addition to improving the packing density, and the degree of  hydration through dilution. Based on its 
potential as a filler material, Nuuk-Fa2 would be the ash best suited for use in cement-based materials.

The obtained results in both the present study and by Remond et al. [11] and De Boom and Degrez [12] 
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suggests that the particle size distribution of  MSWI fly ash can vary greatly, both depending on the location, 
combustion unit type and the time of  sampling. The results indicate that the quality of  MSWI fly ash as a 
filler material varies, between having a filler effect to some extent and potentially no effect at all.

3.2 Chemical properties
The calculated content of  oxides is given in Table 2, together with the chloride concentrations and 
LOI. Included in Table 2 are the requirements specified in EN 450-1 2012 [8], and concentration ranges 
determined in other studies [8,13-24]. The measured pH, conductivity and equivalent CaCO3 are included 
in Table 3. The measured water solubility and water soluble Cl-, SO4

- and NO3
- anions are included in Table 

4. The DTG curves of  the thermogravimetric analysis are shown in Figure 2. The diffractograms from the 
XRD analysis are included in Figure 3. 

The five fly ash samples of  the present study were characterized as having a low calculated content of  both 
SiO2 and Fe2O3, varying between 4.5 and 6.0 respectively. The calculated content of  Al2O3 was found to vary 
between the ash samples. The ashes from Nuuk and Ryaverket had 4.0 and 4.5 wt. % Al2O3 respectively, 
while Arc-Fa1 and Arc-Fa2 had a calculated content of  2.3 and 1.5 wt. % respectively. The evaluated 
samples all contained less reactive SiO2 than specified in En 450-1 2012 [8], and had a combined content 
of  SiO2, Fe2O3 and Al2O3 approximately equal to one-seventh the specified limit in EN 450-1 2012 [8]. 
Based on published literature [8,13-24] the potential SiO2 content in MSWI fly ash varies between 0.1-38.0 
wt. %, and the combined content of  SiO2, Fe2O3 and Al2O3 between 2.1 and 56.1 wt. %. Municipal solid 
waste incineration fly ash could potentially have more than the required 25 wt. % reactive SiO2 but does not 
contain enough SiO2, Fe2O3 and Al2O3 for the combined requirement.

Table 2: Calculated content of  oxides [wt. %] as well as Cl and LOI [wt. %]. 

Included are DS/EN 450-1-2012 limit values and composition range given by published articles [8,13-25]. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa En 
450-1 Lit. Range

SiO2 4.9 4.5 4.7 5.6 6.0 ≥25 0.1 – 38.0
Al2O3 2.3 1.5 4.0 4.3 4.5 - 0.1 – 17.2
Fe2O3 1.1 1.0 0.7 0.8 1.7 - 0.5 – 6.8

∑ (SiO2 ,Al2O3,Fe2O3) 8.3 7.0 9.4 10.7 12.2 ≥70 2.1 – 56.1
CaO 21.0 13.4 33.6 40.6 40.6 ≤1.5/10* 7.4 – 42.2
MgO 0.8 0.7 0.9 1.3 1.7 ≤4.0 0.5 – 7.2

Cl 8.9 3.0 20.0 22.0 12.0 ≤0.1 2.9– 31.7
SO3 22.5 35.0 7.7 8.2 8.7 ≤3.0 2.2 – 26.2
K2O 13.3 14.5 10.7 11.3 2.4 - 0.5 – 15.7
Na2O 17.5 9.17 21.6 21.6 6.2 - 2.0 – 17.0

Na2Oeq 26.3 18.7 28.6 29.0 7.8 ≤5.0 2.3 – 26.9
P2O5 1.4 3.0 1.3 1.8 1.7 ≤5.0 0.3 – 1.7
LOI 3.8±0.3 10.7±7.5 31.2±6.1 9.2±0.2 21.4±1.4 ≤9.0** ND

*Free calcium oxide limit / Reactive calcium oxide limit.
**Category C 

The five fly ash samples had calculated contents of  CaO between 13.4 and 40.6 wt. %, MgO between 0.8 
and 1.7, and P2O5 between 1.3 and 3.0 respectively. The five fly ash samples contained less MgO and P2O5 

than the specified EN 450-1 2012 [8] limit and significantly higher CaO  than the specified. The Ca in the 
five fly ash samples are likely not present in the ashes as free or reactive CaO. The XRD analysis, Figure 3, 
indicated that the Ca could be present as either CaSO4 or CaCO3 in the ashes, confirmed by among other 
Remond et al. [11] and Weibel et al. [15] as well, and the thermogravimetric analysis that showed mass loss 
corresponding to CaCO3. Compared to published articles [8,13-24] the calculated content of  CaO, MgO 
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and P2O5 of  the present study exhibited similar variations as the published literature, except Arc-Fa2 that 
had a higher content of  P2O5. 

The measured content of  Cl and the calculated content of  SO3, varied greatly between the five fly ash 
samples of  the present study, 3.0-22.0 wt. % and 7.7-35.0 wt. % respectively. Arc-Fa1 and Arc-Fa2 both 
had low amounts of  Cl and high amounts of  SO3, while Nuuk-Fa1 and Nuuk-Fa2 contained high amounts 
of  Cl and low amounts of  SO3, with Rya-Fa having similar amounts of  Cl and SO3. A similar relationship 
could be observed in the studied articles [8,13-24], where the ashes either had a low Cl and high SO3 
content, or a low SO3 and high Cl content. All five fly ash samples exceed the EN 450-1 2012 [8] limits for 
both Cl and SO3. The published articles studied [8,13-24], show similar results.

The five fly ash samples of  the present study have varying degrees of  calculated Na2Oeq content, that for 
all samples exceed the 5.0 wt. % limit specified in EN 450-1 2012 [8]. With the exception of  Rya-Fa, the 
five fly ash samples of  the present study had a higher calculated content of  Na2Oeq, than reported in the 
published articles [8,13-24]. Although the five fly ash samples of  the present study exceed the Na2Oeq 
criteria, published articles indicate that the MSWI fly ash can contain less Na2Oeq than specified in EN 450-
1 2012 [8].

Large variations in LOI was observed between the five fly ash samples, varying between 3.8 wt. % and 31.2 
wt. %. Variations between samples sourced from the same combustion unit could be observed as well, 
with the LOI increasing by 6.9 wt. % between Arc-Fa1 and Arc-Fa2, and decreasing 22 wt. % between 
Nuuk-Fa1 and Nuuk-Fa2. EN 450-1 2012 [8] specifies LOI limit values of  5.0, 7.0, and 9.0 wt. %. These 
limits are imposed, to inhibit the effect of  unburned carbon on air-entraining admixtures. All of  the fly ash 
samples exceed these limit values, making them unsuited for cement-based materials, with the exception 
of  Arc-Fa1. Although, the measured LOI could be caused by other compounds, such as CO2 release from 
CaCO3 heating. 

The four fly ash samples with an LOI greater than 9 wt. % all had CaCO3 eq contents between approximately 
10 and 13 wt. %, while Arc-Fa1 contained 4.3 wt. % and a LOI of  3.8 wt. %. X-ray diffraction analysis 
indicated peaks for CaCO3 in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. CaCO3 peaks were not observed in Arc-
Fa1 and Arc-Fa2, suggesting that a different carbonate phase could be present in Arc-Fa1 and Arc-Fa2 or 
that the HCl used during the CaCO3 eq measurement reacted with other phases than carbonates. 
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Figure 2: DTG analysis of  the five f ly ash samples.

The DTG curves indicated that the majority of  the mass loss occurred after 500C and 700°C. Additionally, 
several small dips occurred between 0 and 500°C, at varying temperatures, potentially indicating mass loss 
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from several different phases. 

According to Galan et al [27], calcium carbonate decomposes between 700 and 1000°C in an N2 atmosphere, 
corresponding to the mass loss after 700°C observed in the present study, indicating that Ca is partially present 
as CaCO3. The observed mass loss between 500 and 700°C could indicate the presence of  an unknown 
carbonate. Arc-Fa2 was found to have the largest fraction of  CaCO3 eq, without showing any significant 
mass loss between 500 and 1000°C, suggesting that the HCl used during the CaCO3 eq measurement reacted 
with other phases than carbonates. Several of  the discrepancies discussed here, regarding the CaCO3 eq and 
TGA measurements cannot be explained and should be investigated further.

Four of  the five fly ash samples were alkaline, with a pH between 11 and 12, and electrical conductivities 
between 90 and 150 mS/cm2. Pedersen et al. [19] measured the pH of  two MSWI fly ash samples from 
different combustion units and determined their pH to be 10.8 and 12.2 respectively. 

The pH of  Arc-Fa2 differs from these results with a pH of  6.47, indicating that ash with a neutral pH can 
be produced as well as alkaline ash. The lower pH of  Arc-Fa2 could be caused by its high ratio of  sulphur 
to other elements. X-ray diffraction analysis indicated the presence of  several different sulphur compounds 
in Arc-Fa2, not observed in the other ash samples.

Table 3: Measured pH, conductivity, equivalent CaCO3 and water solubility of  the five f ly ash 
samples.

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

pH [-] 12.0 ± 0.1 6.5 ± 0.0 11.6 ± 0.0 11.9 ± 0.0 11.5 ± 0.0

Conductivity [mS/
cm] 113.7 ± 3.5 94.7 ± 1.3 149.6 ± 21.1 146.8 ± 4.5 93.5 ± 1.2

CaCO3 eq
Content [wt.%] 4.3 ± 0.2 13.0 ± 0.1 11.8 ± 0.8 10.4 ± 0.1 9.9 ± 0.1

High solubility in water was observed in the five fly ash samples, varying between approximately 27.7 wt. % 
and 55.7 wt. %. The element content analysis indicated that the majority of  the ash samples contained K, 
Na, Cl and S. The measured K, Na, Cl and S could be present in a soluble form. X-ray diffraction indicated 
that the five fly ash samples either contained NaCl, KCl or both. NaCl or KCl were confirmed as potential 
phases by other studies as well, Remond et al. [11] and Weibel et al. [15]. Of  the five fly ash samples, Rya-Fa 
contained the smallest amount of  potassium, sodium, chlorine and sulphur and was also the least soluble 
ash. Nuuk-Fa1 and Nuuk-Fa2 both contained similar amounts of  K, Na, Cl and S, although Nuuk-Fa1. 
Arc-Fa1 and Arc-Fa2 had varying solubility’s; at 39.4 and 55.7 wt. % respectively. Both had a significantly 
lower content of  Cl than the other fly ash samples, containing higher amounts of  soluble sulphur instead. 

Sulphate was not present as water-soluble anions in as high amounts in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa, 
indicating that the sulphate where bound in non-soluble form. Arc-Fa1 and Arc-Fa2 also contained non-
soluble sulphate, as the wt. % removed did not match the measured wt. %. Chlorine was removed from 
the ash samples, in amounts matching the wt. % measured with XRF analysis, indicating that the majority 
of  the chlorine in the ashes was water soluble after three washing at L/S 5. The Removed amount of  Cl in 
Rya-Fa, were 5% higher than found with XRF, indicating that the amount of  Cl in Rya-Fa is higher than 
measured with XRF. 
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Table 4: Measured wt. % water solubility and content of  water-soluble Cl-,  SO4
2-

 and NO3
- anions. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

Water Solubility        [wt.%] 39.4 ± 0.5 55. 7 ± 2.3 42.4 ± 1.3 38.0 ± 0.6 27.7 ± 0.9

Cl-                             wt.%] 8.1 ± 0.1 2.3 ± 0.2 19.1 ± 0.9 22.2 ± 0.4 17.6 ± 0.5

SO4
2-

                        [wt.%] 7.5 ± 0.0 21.1 ± 0.6 0.8 ± 0.0 0.6 ± 0.0 0.0 ± 0.0

NO3
-                         [ppm] 194 ± 3 503 ± 17 84 ± 2 270 ± 10 2396 ± 87

Regardless of  the type of  combustion unit, furnace, incineration temperature and flue gas filter type, or the 
country it is located in evaluated in the present study, they all produced fly ash of  insufficient quality for 
use in cement-based materials, when compared to the specified limits in EN 450-1 2012 [8]. The five fly ash 
samples studied did not contain enough reactive SiO2, or Fe2O3 and Al2O3 as specified, and could therefore 
have limited benefits when mixed with cement-based materials. Instead, the ashes exceeded the limits for 
for free and reactive CaO, Cl, SO3, Na2Oeq and LOI, potentially having negative consequences if  mixed 
with cement-based materials. Additional analyses indicated that the ashes did not contain free or reactive 
CaO or that the LOI was exceed due to unburned carbon. Any potentially negative consequences would 
therefore be limited to Cl, SO3 and the total content of  alkalis Na2Oeq. The only limits in EN 450-1 2012 [8] 
not exceeded was the MgO and P2O5 limits. Sampling MSWI fly ash from the same combustion unit months 
apart showed both significant and less significant changes to the chemical properties. Arc-Fa2 contained 
significantly more SO3 and Cl Compared to Arc-Fa1. The differences between the two samples could also 
be observed with the pH, CaCO3 eq and solubility. Arc-Fa2 was more soluble in water and had a neutral pH, 
instead of  an alkaline pH. The two samples had different peaks occurring in their diffractograms as well. 
The two samples could, therefore, have different results when mixed with cement. Nuuk-Fa1 and Nuuk-
Fa1 had a very similar chemical composition with the exception of  a varying LOI, with almost identical 
diffractograms, and could have similar results when mixed with cement. Municipal solid waste incinerators 
are therefore capable of  having both a steady and non-steady output. Regardless of  when the samples was 
sourced, fly ash of  insufficient quality for use in cement-based materials were produced.
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When compared to published literature [8,13-24], MSWI fly ash appears to have an average chemical 
composition of  insufficient quality to be used in cement-based materials. Hamernik and Frantz [18] 
studied fly ashes of  above average quality and analysed the pozzolanic activity index, replacing 35% 
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cement with MSWI fly ash containing a combined content SiO2, Fe2O3 and Al2O3 above 50 wt. %.  
They concluded that their MSWI fly ashes had cement pozzolanic indexes comparable to coal fly ash, 
but showed no cementitious properties. Pozzolanic reactions in cement occur between Ca(OH)2 and 
amorphous SiO2 forming C-S-H or with amorphous aluminosilicate forming calcium aluminate hydrate 
phases or calcium aluminate silicate hydrate phases as described by Justness [3]. Any occurrence of  
pozzolanic reactions are therefore limited when the five fly ash samples of  the present study are mixed 
with cement and water, due to the low content of  SiO2, Fe2O3 and Al2O3 and would not have a similar 
effect as described by Hamernik and Frantz [18].
4. Conclusions

The presented study aimed at assessing the quality of  untreated MSWI fly ashes with regard to their use in 
cement-based materials. The assessment was based on the chemical requirements specified in the European 
standard EN 450-1 2012 [8] and potential use as filler materials based on their particle size distribution. 
To assess the filler potential, the requirements for improving the packing density, enhancing hydration 
and dilution effect was used, as discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. The 
following can be concluded based on the results.

A total of  five fly ash samples was acquired from three combustion units for the evaluation, Arc-Fa1, 
Arc-Fa2, Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. Arc-Fa2 and Nuuk-Fa2 were sampled several months after 
Arc-Fa1 and Nuuk-Fa1. Sampling from the same combustion unit several months apart indicated that the 
incinerator in Nuuk produced fly ashes with similar chemical properties, while Amager Bakke (Arc-Fa) 
produced fly ash with varying chemical properties. Regardless of  the time of  sampling, the combustion unit 
type or the units’ location, all the investigated MSWI fly ash samples did not fulfil the chemical property 
requirements specified in EN 450-1 2012 [8].  The samples did not contain enough reactive SiO2 or have a 
high enough combined content of  SiO2, Fe2O3 and Al2O3, indicating limited pozzolanic activity. The five fly 
ash samples exceeded the limits for free and reactive CaO, Cl, SO3 as well as equivalent content of  alkalis 
Na2Oeq and LOI, potentially having several negative consequences if  mixed with cement-based materials. 
Additional tests indicated that the CaO in the could be present as CaCO3 instead of  free or reactive CaO. 
The limits for MgO and P2O5 content were not exceeded.

Contrary to the observed chemical properties, Nuuk-Fa1 and Nuuk-Fa2 was not physically similar and had 
different particle size distributions. Furthermore, it was found that all five fly ash samples had different 
particle size distributions with different potential as filler material when compared to the requirements 
discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. Arc-Fa1 and Arc-Fa2 contained particles 
larger than 125 µm and would only improve the packing density and enhance hydration with limited effect. 
The two samples could still potentially improve hydration through dilution. Nuuk-Fa1 and Rya-Fa had a 
particle size distribution less than 125 µm and could potentially improve the packing density. Their particle 
size distribution was coarser than cement and would potentially only enhance hydration through dilution. 
Nuuk-Fa2 had a finer particle size distribution slightly finer than cement and could potentially both improve 
packing density and enhance the hydration of  cement-based materials.
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Abstract

Biomass combustion has long served as a source of  energy. Due to environmental concerns, its use is on 
the rise. Global estimates project that biomass derived ash will reach 476 million tonnes per year. Currently 
limited applications for these biomass-derived ashes exist. A better understanding of  the ash properties 
is needed to find suitable applications. New applications will keep these minerals in the circular economy. 

This work identifies biomass derived ashes with a composition necessary for hydraulic properties. Either the 
ash already contains hydraulic minerals, or it can be processed to yield hydraulic minerals. The investigation 
used information from the Phyllis 2 database and the ALLASKA database. Ash suitability was determined 
by the chemical and mineralogical composition. This was evaluated based on the original biomass source 
and the conversion technology. The first aim of  this study was to identify calcium and silicon rich biomass 
ashes. These ashes can contain hydraulic minerals or have the chemical composition necessary to form them. 
The amount of  cement produced can be reduced if  biomass derived ash is used as a cement replacement. 
The amount of  CO2 associated with cement production can be reduced if  biomass derived ash is used 
to replace cement raw materials. The second aim of  this study was to estimate the potential cement and 
CO2 reduction in the Netherlands. Applicable biomass waste streams available in The Netherlands were 
quantified. Wood and woody biomass (WWB) and herbaceous and agricultural biomass (HAB) contained 
an average of  12.3 and 40.2 M.-% SiO2. WW) contained CaO with a concentration up to 65.0 M.-%. Ashes 
derived from the Organic residues and contaminated biomass (OR-CB)  category paper sludge showed the 
potential to provide both CaO and SiO2. These minerals were present in the necessary quantities to either 
contain clinker minerals or form them. The type of  combustion technique used impacts the ash quality. 
Fluidized beds where shown to produce ashes that have higher contents of  CaO and SiO2. The authors 
identified biomass waste streams were in The Netherlands, with the potential to serve as a source of  energy. 
Verge grass, forestry thinnings, agricultural wastes and industrial wastes can produce valuable ash. These 
streams result in an estimated 2.0 Mtonnes of  ash.

Keywords: Biomass derived ash; Clinker minerals; Alternative cements
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1. Introduction

Biomass’ stake in the production of  energy has increased in recent decades. Currently biomass provides 
about 8% of  the world’s energy for heat, electricity and transportation fuels. According to predicitions 
biomass use could grow to 33-50% by 2050. Of  the total biomass derived energy, 95-98% stems from direct 
combustion [1] which produces biomass derived ash. If  biomass derived energy grows to the predicted 
range, we will produce 476 million tons of  biomass ash annually (assuming 7 billion tons of  biomass 
combusted with a 6.8% ash yield).

Producing energy with biomass instead of  coal has positive environmental impacts [2] but negative impacts 
for the concrete industry. Coal-derived fly ash has partially replaced ordinary Portland cement (OPC) in 
concrete applications for decades. European standard EN-450 only tolerates fly-ash derived from coal 
combustion or co-combustion of  coal and biomass. For co-combustion, the biomass must be clean wood 
and comprise only 50 M.-% or less. At these percentages, coal properties dominate the fly ash properties and 
composition. European standards do not allow pure biomass derived ashes in blended cements. Currently 
this is a minor problem given the small quantities of  biomass ash produced. But with the combustion of  
more biomass and less coal, this problem will grow in the future.

The composition of  biomass derived ash differs from coal-derived ash. Biomass ash often has higher 
alkali metal and chloride contents. These elements can create durability problems in concrete, making 
biomass ash less attractive for concrete applications. To determine if  biomass derived ash is a suitable 
replacement for coal derived ash, researchers have investigated their ability to partially replace cement in 
concrete applications. 

Some biomass ashes are valuable as a partial cement replacement. One such ash is rice husk ash (RHA). Due 
to its high contents of  amorphous silica, RHA can improve the strength and durability of  concrete [3]–[9]. 
When replacing 10 M.-% of  OPC with RHA with a particle size of  6-10 μm, the concrete has a stronger 
interfacial transition zone and lower permeability[3], [10]. Farmers in south east Asia produce RHA when 
the agricultural waste is burnt in open fields. This method of  combustion gives little control over efficiency 
and produces variable ashes. A similar agricultural waste is sugar cane bagasse ash (SCBA). Farmers produce 
SCBA in South America. They combust sugar cane bagasse waste to provide heat and power to processing 
the sugar cane [11]–[14]. Due to more controlled combustion conditions, the ash has a higher level of  
consistency. Replacing 20% of  OPC with SCBA improves the early strength and increases the density of  
the concrete microstructure. The higher density reduces water permeability and chloride penetration [15], 
[16]. Combining different biomass sources before combustion can also produce a functional ash. Thailand 
produces large quantities of  both sugar and rice. These crops result in the annual production of  roughly 66 
million tonnes of  sugarcane bagasse and 10 million tons of  rice husk. Combustion of  82.5% bagasse, 15% 
rice husk, and 2.5% chop wood in small power plants produces electricity for the sugar mills [17]. Using this 
ash to replace 20% of  cement results in a higher compressive strength and a 65% reduction in the chloride 
diffusion coefficient [18]. 

Researchers have also investigated the application of  woody biomass derived ash (WBA) as a cement 
replacement. Using WBA as a partial cement replacement reduces the compressive, flexural, and tensile 
strength of  concrete. But when the SiO2 content is high enough, the strength increases with longer 
hydration times [19]. Unlike RHA and SCBA, WBA contains less SiO2 and does not function as a pozzolanic 
admixture. The chemical and physical properties of  WBA vary greatly and are difficult to predicted [20]. 
But given the predominance of  CaO in woody biomass and the conversion temperatures, reactive calcium 
silicates can be present. 
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Most research into cement replacement with biomass is locally based. Investigations focuses on the use of  
a single regional biomass derived ash. There is limited research on the general trends which would make 
application more widespread. Additionally, when biomass derived ash is used as a cement replacement, 
typically lower replacement rates (10-20%) are evaluated. To have a larger reduction in the CO2 emissions 
associated with cement production higher replacement rates are necessary. One possible method to produce 
a more equivalent cement replacement is to use the biomass derived ash as a clinker raw material replacement. 
Currently the research into the use of  biomass derived ash as a cement raw material replacement is limited 
to a few types of  biomass. Most studies focus on the performance of   municipal sewage sludge [21], [22] 
and waste from the paper industry [23]–[25] as raw materials for the production of  cement 

The presence of  hydraulic minerals in biomass derived ash could allow for higher replacement rates. This work 
seeks to ultimately increase the amount of  cement (or cement raw materials) which are replaced by biomass 
derived ash. Higher replacement rates will lower the CO2 emissions associated with cement production by 
reducing the amount of  clinker produced or reducing the amount of  limestone that is decarbonated in the 
production of  clinker. Additionally, identification of  the biomass sources and conversion technology which 
enables the formation of  hydraulic minerals could enable the intentional production of  hydraulic biomass 
derived ash as a by-product in future energy production. 

The aim of  this study is the identification of  calcium and silicon rich biomass ashes. These ashes can 
contain hydraulic minerals or have the chemical composition necessary to form them. The investigation 
covered the ash production chain from biomass selection through combustion technology. Information 
was obtained from the Phyllis 2 database and the ALLASKA database. The authors assessed the ashes 
on their chemical composition, mineralogy and physical properties. The compositions were assessed on 
parameters like the input biomass and conversion technology. Those parameters which were beneficial 
to the biomass ash composition were identified. The extent to which they can be manipulated to get an 
ash with high potential for application to (partial) replace cement will be assessed.  In the context of  the 
Netherlands, the volume of  the identified biomass waste streams available were quantified.  The amount of  
cement produced can be reduced if  biomass derived ash is used as a cement replacement.  The amount of  
CO2 associated with cement production can be reduced if  biomass derived ash is used to replace cement 
raw materials. The second aim of  this study was to estimate the potential cement and CO2 reduction in the 
Netherlands based on the calculated volumes.

2. Materials and Methods

2.1 Biomass and Biomass Derived Ash Data 

2.1.1 Phyllis 2 database 
Developed within the PHYDADES European project, the Phyllis2 database provides reliable information 
on biomass fuels and biomass ashes. The database contains almost 3000 records of  individual biomass 
or waste materials. The ECN Phyllis scheme groups biomass batches into 16 different classes based on 
practicality and plant physiology. The authors grouped the classes relevant to this study in three distinct 
categories: wood and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic 
residues and contaminated biomass (OR-CB). Segregation of  the data into these categories allowed for 
easier interpretation and drawing conclusions on ash composition based on biomass type.

The authors limited WWB to the class untreated wood. Untreated wood encompasses all fresh wood 
including park wood waste and wood from saw mills. This category includes both hardwoods and softwoods. 
These two divisions cover many individual tree species (such as beech, birch, oak, pine, poplar and willow). 
This category also includes different tree parts, including bark, cork, leaves and needles. 
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The HAB group includes plants, grass, straw and some organic residues. The plant group comprises fruits, 
vegetables and flowers or garden plants and residues from agriculture and horticulture. Grass encompasses 
subgroups like hemp, jute and kenaf  as well as verge grass. Verge grass is a mixture of  different (unidentified) 
grass species. Straw and grass are physiologically similar but here straw refers to the dry stalks of  cereal 
plants after removal of  the grain and chaff. This includes wheat, barley, rice and maize. Husk shells and pits 
are an organic residue included in this group.

The OR-CB includes all organic residue that are not a direct result of  agriculture and horticulture. This 
encompasses waste paper, residues from the food industry, the organic fraction from domestic waste, 
municipal solid waste (MSW) and refuse derived fuel (RDF). Furthermore, OR-CB includes the sludge. 
This covers sludge from sewage water treatment, the paper industry, waste water treatment, and food 
processing. Lastly OR-CB includes treated wood. Treated wood encompasses composted wood, demolition 
wood, preserved wood and particle board.

2.1.2 The Allaska Database
The ALLASKA database was built under the ash program at Värmeforsk (Thermal Engineering Research 
Association) with the intention of  promoting the environmentally responsible utilization of  ashes. The 
database is a collection of  quantitative information on the properties of  residues from combustion 
processes in Swedish power plants. The ALLASKA database contains information on geotechnical data, 
leaching properties, chemical composition, particle size and organic contents of  ash residues coming from 
the combustion of  biomass and waste materials in different types of  boilers. 

In this study, the ALLASKA database analysis was limited to biomass-based fuels. Biomass derived ashes 
were evaluate based on the reactor in which they were generated, i.e. in a pulverised fuel reactor (PF), grate 
stoker furnace (GSF), circulating fluidized bed (CFB) or a bubbling fluidized bed (BFB). 

2.2 Methods of  Analyses
The data from the two different databases was statistically analysed based on their chemical compositions. 
Attention was given to the clinker mineral forming elements (Ca, Si, Al and Fe) and notice was taken of  
those which can have adverse effects on clinker production and cement hydration (alkalis and phosphorous). 
The main objective was to find biomass-derived ashes that 

1. Feature hydraulic properties and can act directly as a cement replacement or 

2. Have the necessary composition to act as a clinker raw material replacement. 

Therefore, the focus of  this specific study was on calcium and silicon rich biomass ashes that could 
potentially contain calcium silicate based hydraulic minerals such as alite (C3S) and belite (C2S) or form 
them when subjected to a secondary thermal treatment. Ashes were sought with CaO concentrations of  
61-69M.-% and SiO2 concentrations of  15-20M.-%. 

3. Results

3.1 Phyllis Database

3.1.1 Clinker Forming Oxides
To determine a relationship between ash composition (express as % of  oxides of  the ash residue) and the 
biomass source, data from the Phyllis database was first grouped into three distinct categories. Subsequently 
the concentrations of  the 4-main clinker mineral forming oxides were examined per category. Figure 1 
depicts the SiO2 fractions for the averaged WWB, HAB and ORCB categorized samples relative to one 
another.
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and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues and 
contaminated biomass (OR-CB). Target SiO2 concentration is 15-20 M%.

In view of  a composition that could either contain or produce clinker minerals, the SiO2 fraction of  the 
raw feed should be around 15-20M.-%. Parts of  the interquartile range of  WWB and HAB cover the target 
concentration. WWB shows a range of  0 to 57.2 M.-% with an average of  12.3 M.-%. The median is 8.3 
M.-% and the third quartile group (Q3) covers the desired range. HAB shows a range of  0 to 95.6 M.-% 
with an average of  40.2 M.-%. The median is 41.3 and the second quartile group (Q2) covers the desired 
range. Despite having a median between the other two groups (30.8 M.-%), the interquartile range of  OR-
CB falls above the theoretically favoured range. 

To draw conclusion on the potential applicability of  WWB and HAB ash regarding SiO2 content, the sub-
categories must be examined independently. As can be seen in Figure 2, the sub-category of  husk shell 
& pits covers the desired SiO2 range in its Q2. The median of  husk shell & pits is 20.5 M.-%. The sub-
categories of  WWB are shown in Figure 3. Softwood has a preferable SiO2 concentration to hardwood with 
medians of  15.6 M.-% and 2.4 M.-% respectively. 

Figure 2: SiO2 concentration within the herbaceous and agricultural biomass (HAB) sub-categories: 
grass, reed, husk & pit, barley, corn, wheat straw, rice straw, straw, and agricultural residues from 
the Phyllis database. Target SiO2 concentration is 15-20 M%.
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Figure 3: SiO2 concentration within the wood and woody biomass (WWB) sub-categories: 
bark, hardwood, other, softwood and tropical hardwood from the Phyllis database. Target SiO2 
concentration is 15-20 M%.

With respect to CaO content, theoretical optimal contents of  biomass derived ashes fall in the range of  
61-69M.-%. On average the WWB CaO contents are the highest with a median concentration of  33.3 
M.-% (Figure 4). While the Q3 is below the desired range the fourth quartile group (Q4) included part of  
the range. Both HAB and OR-CB fall significantly below the desired amounts of  CaO but they have a few 
outliers with notable CaO. In the category HAB, one specific sample derived from rape straw contained 
66.0 M.% CaO. The next highest value (50.3 M.% CaO) also originated from rape straw. In the category 
OR-CB, the two highest CaO contents came from paper residue with 60.4 and 57.4 M.-% (Figure 6). 

Figure 4: CaO concentration of  biomass ash samples from the Phyllis database  for the categories 
wood and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues 
and contaminated biomass (OR-CB). Target CaO concentration is 61-69 M%.

In Figure 5 both bark and hardwoods feature the highest median CaO content, 39.2 and 36.9 M.-% 
respectively. The Q4 of  hardwood begins to cover the desired range of  CaO. All the other WWB sub-
categories fall below what is necessary. Considering the CaO content of  the hardwoods, no clear trends 
could be identified. While samples of  oak, poplar willow and birch ashes were all found amongst the 25% 
with the highest CaO content, they also amounted to the 25% with the lowest. There is no information as 
to which part of  the trees the samples originated from and as a result, different tree sections could provide 
the explanation for the high distribution. Since tropical hardwood and softwood derived ashes have lower 
CaO contents, they are less suitable for clinker production. 
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While rape straw can potentially provide enough CaO, the remaining biomass sources in the HAB category 
cannot. OR-CB ashes also exhibit a lower average CaO content. But the variability in CaO content of  
OR-CB ashes appeared large, as reflected by a range of  0.2 to 60.4M% and a standard deviation of  13.3. 
Looking deeper at the individual sub-categories, OR-CB derived ashes show trends (Figure 6). Two waste 
paper ashes and two treated wood ashes are outliers and contain substantial CaO. On average, paper sludge 
has the highest CaO contents, but does not have any individual sample that fall into the desired range.

Figure 5: CaO content for individual wood and woody biomass (WWB) derived sub-categories: 
Bark, hardwood, softwood, tropical, other and treated wood from the Phyllis database. Target CaO 
concentration is 61-69 M%.

Figure 6: CaO concentration in OR-BD broken down into sub-categories: RDF & MSW, sewage 
sludge, paper sludge, paper residue from the Phyllis database. Target CaO concentration is 61-69 
M%.

In addition to CaO and SiO2, both Al2O3 and Fe2O3 should be present in the biomass derived ash if  it is to 
be used as a clinker replacement or raw feed for clinker production. Theoretically the ash should therefore 
contain between 3 and 5 M.-% of  each. Concerning the 3 biomass stream categories investigated, most of  
the samples fell in the desired range, however some subcategories were prone to elevated contents of  one 
or both oxides. Paper, RDF & MSW derived ashes, for example, tended to have higher contents of  Al2O3, 
often in the range exceeding 15M.%. Also, sewage sludge ash was generally too high in both Al2O3 and 
Fe2O3. Similar elevated contents of  Al2O3 and Fe2O3 were found in ashes of  treated woods.

3.1.2 Ternary Diagrams
The identification of  the individual oxides is useful; however, the biomass source needs to provide a balance 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

698

IC
SBM

 2019
ID

 056

of  multiple oxides to be used as single raw material for clinker production or replacement of  cement. 
Therefor it is useful to view the composition of  the different biomass derived ashes in a ternary diagram 
like the one shown Figure 7. Each point in the plot represents the composition of  a single sample. With 
the main clinker forming oxides normalized to 100% and the samples of  the three biomass categories 
distinguished by colour, trends can be identified and those samples which fall in the desired region can 
be selected. While all three categories are represented within the semi-circle that encompasses the desired 
composition, HAB appears to be the most recurrent. The OR-CB samples appear to be the most disordered 
while both WWB and HAB showing strong tendency to contain more SiO2. Alongside the higher SiO2 

concentration WWB also shows a preference for higher CaO concentrations. Conversely HAB showed 
lower concentrations of  CaO. 

Figure 7: Ternary diagram with the main clinker forming oxides normalized to 100% with the three 
biomass categories (WWB, HAB and OR_CB) distinguished by colour. The semi-circle represents 
the area of  desired composition and HAB appears to be the most recurrent biomass type in this 
range. 

While Figure 7 shows the ternary diagram that includes the oxides necessary for clinker production, in the 
case of  biomass derived ash it is more informative to expand the oxides depicted because the alkali oxides 
can be critical to clinker mineral formation. Therefore, for better visualization of  the oxide proportions 
present, the ash compositions are plotted in a ternary diagram composed of  the three glass science 
categories in Figure 8. Most of  the samples do not fall into the desired range apart from a few. Only two 
HAB samples are found in this section since most of  them were richer in SiO2+Fe2O3+Al2O3 and had low 
levels of  CaO+MgO. A few more OR-CB samples were detected in these composition ranges, however, 
in general they also tended to be richer in SiO2+Fe2O3+Al2O3. WWB has the most biomass samples falling 
in the desired range. Woody biomass tends to be richer in CaO and since larger quantities of  CaO are 
necessary for clinker this appears a more promising biomass source.
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Figure 8: Ternary diagram with the most abundant oxides grouped based on function in clinkering 
and normalized to 100% for the three biomass categories (WWB, HAB and OR_CB) as distinguished 
by colour. The semi-circle represents the area of  desired composition and WWB appears to be the 
most recurrent biomass type in this range.

3.1.3 Physical Properties (Ash content)
In addition to the chemical composition of  the ash, another important characteristic dependent on the 
biomass source is the ash content. To make use of  the biomass ash after biomass combustion there must be 
a significant amount of  material available. The Phyllis 2 database provides the ash content from most of  the 
material entries. As depicted in Figure 9, the mean ash content of  samples grouped in the WWB, HAB and 
OR-CB categories are 2.2% 5.2% and 7.1 M.-% respectively. Although OR-CB showed the highest average 
ash content it also showed the largest standard deviation.

Figure 9: Ash content as a mass percentage of  the total biomass mass for the categories wood 
and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues and 
contaminated biomass (OR-CB). OR-CB results in the most ash and WWB the least.

3.2 Effect of  Conversion Technology on Ash Composition (ALLASKA Database)
In addition to the biomass source, the conversion technology also affects the composition of  the resulting 
ash. Conversion technology can be grouped together by reactor types, however there can still be differences 
based on operational parameters (i.e. changes in firing temperature). For any given reactor type, the general 
process is consistent. In this section, the average composition of  biomass derived ashes which have been 
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produced in a pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating fluidized bed (CFB) and 
bubbling fluidized bed (BFB) will be evaluated. The biomass selection was limited to wood and woody 
biomass since (as seen in the previous section) this category showed the smallest most accurate range in the 
contents of  the major oxides with the median CaO content being 33.3 M.-% and the median SiO2 content 
being 8.3 M.-%. 

Figure 10: SiO2 content in woody biomass ash after thermal conversion in 4 different boilers; 
pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating f luidized bed (CFB) and 
bubbling f luidized bed (BFB). Target SiO2 concentration is 15-20 M.-%.

Statistical representations of  the SiO2 and CaO contents for ashes produced in a PF, GSF, CFB and BFB 
can be seen in Figure 10 and Figure 11 respectively. After conversion in a pulverised fuel boiler, significantly 
lower quantities of  SiO2 are present relative to the other boilers. Half  of  the samples had contents between 
10.2 and 14.5 M.

-%. 

Figure 11: CaO content in woody biomass ash after thermal conversion in 4 different boilers; 
pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating f luidized bed (CFB) and 
bubbling f luidized bed (BFB). Target CaO concentration is 61-69 M.-%.

While lower, this is not far below the 15-20 M% range which is theoretically required in raw feed to produce 
OPC. The CaO content in the ash produced in a PF is on par with the other technologies, in fact the 
second highest amount. It is interesting to note that the PF ash had a significantly smaller content range 
for both CaO and SiO2, suggesting more consistency in the composition of  the resulting ash. Conversely, 
GSF derived ashes showed a very wide range for both SiO2 and CaO contents. While the average SiO2 

content falls directly in the theoretically required range, the distribution appeared too large and the average 
CaO content falls far below what is theoretically required. Based on these characteristics GSF technology 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

701

IC
SB

M
 2

01
9

ID
 0

56

appears less suitable for producing ash useful as raw material for production of  OPC. The CFB and BFB 
derived ashes had remarkably similar SiO2 and CaO contents with the average SiO2 concentration for BFB 
falling slightly above that of  CFC and the average CaO content for BFB falling slightly below that of  
CFB. However, the whole distribution was remarkably similar, as was the range and standard deviation. 
The relatively small differences observed are likely due to the similarities in the combustion technologies 
between these two methods. In terms of  SiO2 and CaO content, these data suggest that both BFB and CFB 
techniques result in an ash with high SiO2 and low CaO relative to the desired ranges. In terms of  producing 
an ash for clinker raw material replacement or cement replacement, PF is most suitable. Concerning the 
oxides of  elements that are present in smaller quantities, less distinct trends can be observed based on the 
combustion system involved. In Figure 12, the average concentration of  oxides (Al, Fe, Mg and K) in the 
range of  2-10 M.-% can be seen and in Figure 13, the minor oxides, i.e. those accounting for less than 2 
M.-% on average (Na, Mo, P and Ti) can be seen for each of  the 4 conversion systems. Concerning the 
minor oxides, there are very few differences and it can be concluded that the conversion system has little 
to no effect on the presence of  minor oxides in the resulting ash. Some variation in the oxides present in 
slightly larger quantities can be observed. The ash resulting from both BFB and CFB had higher average 
contents of  Al2O3 in comparison to GSF and PF. GSF and PF resulted in ashes that contained higher 
amounts of  K2O than either BFB or CFB (5.7 and 10.5 vs 4.1 and 3.4 M.-%).

Figure 12: Distribution of  oxides in woody biomass ash after thermal conversion in 4 different 
boilers (BFB and CFB had higher average contents of  Al2O3). 

Figure 13: Distribution of  minor oxides (i .e. < 2 M.-%) in woody biomass ash after thermal 
conversion in 4 different boilers (the conversion system has little to no effect on the presence of  
these minor oxides). 
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4. Biomass Waste Available in The Netherlands

Using biomass waste streams for energy production can provide an environmentally friendly and 
economically attractive alternative. Energy crops are not a viable option for biomass energy sources since 
they take land away from agricultural purposes (leading to less sustainable farming practices) and introduce 
monocultures [27]. However, biomass can still be an environmentally attractive energy source, particularly if  
it stems from waste streams or by-products. Many human activities lead to the production of  supplemental 
biomass. Most supplementary biomass is produced in forestry and agricultural practices as well as in the 
maintenance of  nature areas and public parks [27], [28]. Other supplementary biomass streams include 
organic domestic waste, sludges and industry wastes. Specifically, in The Netherlands, wood thinnings, 
straw, verge grass, crop residues and greenhouse waste represent primary types of  biomass waste [28], [29]. 
Since these are the waste streams that above were shown to provide CaO and SiO2, their volumes should 
be further explored and compared to that of  cement consumption in the Netherlands. 

To understand how much cement could be replaced with a biomass derived alternative, the current amount 
of  biomass available for combustion and the amount of  thereby derived ash must be quantified. Most 
supplementary biomass is produced in agricultural and forestry practices as well as in the maintenance of  
nature areas and public parks [27]. Additionally, in The Netherlands industrial practices produce relevant 
amounts of  biomass waste. To simplify the calculation of  available biomass, sources have been broken 
down into three different categories; maintenance, agriculture and industry. 

4.1 Maintenance waste 
Maintenance biomass is the waste produced in the maintenance of  different types of  land areas and is 
typically verge grass or woody biomass. Table 1 gives a breakdown on the different land uses in The 
Netherlands, their area and the amount of  biomass they produce annually [28], [30]. 

Table 1: Maintenance biomass produced in The Netherlands based on surface area and dry matter 
yield.

Surface Area Biomass dry matter yield Available biomass dry matter

[10^3 ha] [tonnes DM/ha/year] ktonnes/year

Transportation 116 3 348

Built up area 356 1 356

Semi built area 51 2 102

Recreation 103 3 309

Forest and nature 490 3.5 1715

Inland waterway 368 1 368
Total 1484 3198

Table 2: Calculation of  maintenance biomass ash quantity.
Available biomass dry matter Ash fraction Available ash 

[ktonnes/year] [%] [ktonnes]
Transportation 348 13.9 48.4
Built up area 356 13.9 49.5

Semi built area 102 13.9 14.2
Recreation 309 13.9 43.0

Forest and nature 1715 8.2 140.6 
Inland waterway 368 13.9 51.2

Total 3198 346.9
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Assuming that verge grass has an average ash content of  13.9% and woody biomass from park maintance 
has an average ash content of  8.2% [31] the derived ash can be calculated (see Table 2). The total amount 
of  maintenance biomass derived ash which could theoretically replace cement is over 295 ktonnes. 

4.2 Agricultural waste
The amount of  biomass waste stemming from agricultural practices can be similarly calculated (Table 3). In 
2012 there was 2251000 ha of  farm land from which about 12 tonnes of  dry matter can be extracted per ha 
per year. This results in 27012 ktonnes of  biomass. However not all this biomass is waste; using an average 
harvest index for the main crops cultivated in The Netherlands (0.45) the amount of  biomass waste can be 
calculated to be 14857 ktonnes. Based on an average ash fraction of  9.35 this results in 1389 ktonnes of  ash 
after combustion (see Table 4) [31].

Table 3: Calculation of  biomass waste based on agricultural land surface area, dry matter (DM) yield 
and harvest index.

Surface Area Biomass DM yield Available biomass DM Harvest index available waste

[10^3 ha] [tonnes DM/ha/year] [ktonnes/year] [ktonnes]

2251 12 27012 0.45 14857

Table 4: Calculation of  agricultural waste biomass derived ash. 

Available biomass waste Ash fraction Available biomass ash 

[ktonnes] [ktonnes]

14856.6 9.35 1389

4.3 Industrial waste 
Industrial wastes can also provide streams of  biomass waste and this work has particularly identified paper 
waste as a potential cement raw material replacement. Paper waste is typically recycled and reused in the 
production of  new paper. This process can only be repeated so many times before the fibres degrade too 
much and the quality of  the paper is too low. At this point the paper is still suitable for combustion and 
since the original material was biomass, it is still considered biomass combustion. It was reported that in 
2012 of  the total recyclable waste produced in The Netherlands 24.3% was paper waste which is about 4.0 
Mtonnes [30]. Assuming an average ash content of  8.6% roughly 344 ktonnes of  ash result [31].

Table 5: Total amount of  biomass derived ash from the three identified categories which is available 
for cement replacement based on the 2012 estimates [tonnes].

Biomass derived ash 

Maintenance 347 000

Agricultural 1 389 000

Industrial 344 000
Total 2 080 000 

5. Discussion

5.1 Phyllis Database
Based on the analysis of  the biomass sources and the ash composition of  samples within the Phyllis 2 
database, it can be concluded that particular biomass waste streams appear more suitable than others as 
either a cement replacement or as an alternative raw feed for clinker production. While some streams 
showed abundant concentrations of  either SiO2 or CaO, a few sources had the potential to provide all the 
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necessary elements in roughly the theoretically appropriate quantities (i.e. 61-69 M.-% of  CaO and 15-20 
M.-% of  SiO2).

It was apparent that within the WWB category both bark and hardwood had the potential to provide the 
most relevant contents of  CaO. While some samples within these two subgroups fell below the required 
amounts, the majority provided ample CaO required for the formation of  hydraulic clinker minerals. In 
addition, from the OR-CB category, paper sludge was found to contain CaO in amounts that are on the 
lower limit of  what is required and therefore show potential as source of  CaO for formation of  hydraulic 
clinker minerals. Regarding HAB, Rape straw from the sub-category straw has potential to provide sufficient 
CaO.

Potential sources of  SiO2 were more abundant, however, the content of  most sources exceeded the 
theoretically required SiO2 threshold (20 M.-%). From the WWB category, softwood showed potential as 
did husk shell & pits from the HAB category. From the category OR-CB, waste paper, treated wood and, 
to some extent, paper sludge provided potentially sufficient SiO2 without being in excess (22.5 to 39.7 M.-
%). RDF + Plastic derived ashes appeared also as an optional SiO2 source, but these are considered less 
desirable because they are not biomass based and the combustion of  plastic (even as a waste treatment 
solution) should be avoided. 

Generalizations are difficult to make for the SiO2 and CaO composition of  sewage sludge ash because there 
appeared to be high variability [32]. Considered to be a semi-biomass, the element composition can be more 
variable than natural biomass due to processing and the origin of  materials [1]. In a survey of  42 different 
studies Cry et. al found that the mean content was 36.1 M.-% for SiO2, 14.8 M.-% for CaO, 14.2 M.-% for 
Al2O3, 9.2 M.-% for Fe2O3, 11.6 M.-% for P2O5 and 2.8M.-% for SO3. Therefore, due to the high variability 
of  its composition and high concentration of  P2O5, sewage sludge ash appears not to be a favourable 
source for clinker replacement or as an alternative raw feed for clinker production.

Regarding the elevated concentrations of  Al2O3 and/or Fe2O3 detected in the subcategories paper, RDF & 
MSW, sewage sludge and treated wood ash, all these biomass streams had undergone additional processing 
prior to combustion and this could have been most likely the source of  Al2O3 and Fe2O3. Rarely does a pure 
biomass stream show an excess of  either of  these two oxides, indicating that their presence stems more 
from the processing and human intervention than the actual biomass. 

OR-CB, and in particular paper residue, appears to be the best biomass derived ash source for potential 
cement replacement since it provides both Ca and Si while also having the highest ash content. Wood ash 
also has potential given that some samples were on the higher side of  CaO content while still containing 
SiO2. Furthermore, WWB showed the lowest deviations in element contents, reflecting more consistency in 
the composition of  the waste stream.

In addition to the chemical composition of  the ash, another important characteristic dependent on the 
biomass source is the ash content. The ash content is a critical parameter since it dictates the volume of  
material derived from the different types of  biomass. WWB had the lowest ash content (2.2 M.-%) while 
OR-CB had the highest (7.1 M.-%) and the largest range. The OR-CB group includes all organic residue 
that is not a direct residue from agriculture and horticulture (waste paper, residues from the food industry, 
domestic waste municipal solid waste and refuse derived fuel). The higher ash content and broader range 
are most likely the result of  the diversity of  the category. Furthermore, OR-CB includes treated organic 
residues like sewage water sludge, paper industry sludge, food industry sludge, composted wood, demolition 
wood, preserved wood and particle board. The processes of  these materials prior to combustion introduces 
external compounds which adds to the ash fraction. When these external compounds are inorganic they 
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can have a significant impact on the ash fraction, which is not always ideal.

5.2 ALLASKA Database
Based on the analysis of  the conversion technology and ash composition extracted from the data within the 
ALLASKA database, it can be concluded that some conversion technologies are more beneficial than others 
as the resulting ash can potentially act as either a cement replacement or as raw feed in the production of  
clinker. It was observed that both CFB and BFB produce ashes that, on average, have higher contents of  
the desired oxides CaO and SiO2. Also, these two types of  conversion systems showed higher consistency 
in ash composition as variability in range was small. These two types of  fluidized beds also provided ash 
with more desirable values with respect to minor element oxides. The samples produced in these reactors 
had more Al2O3 and less K2O on average.

In terms of  the data extracted from the ALLASKA database, both a BFB and CFB are best for converting 
woody biomass into energy while producing an ash with the potentially right elemental make up for clinker. 
GSF has less value for producing an ash that can be suitable for OPC production as can be concluded 
based on the large variability of  SiO2 and CaO concentrations and the undesirable CaO contents of  the 
produced ash. PF showed more consistency in ash composition and acceptable concentrations of  SiO2 and 
CaO. However, the excessive amounts of  K2O reported in the PF produced ash make it inapplicable as a 
clinker raw material substitute. It can be concluded that way of  processing of  the biomass and the thermal 
conversion parameters involved can be influential with respect to the final composition of  the derived ash. 
In the case of  pelletized fuel, increases in the Ca content were detected in the fly ash. Additionally, the 
bed material in fluidized beds can greatly affect the composition of  the bottom ash. These parameters can 
therefore be used to alter the content of  elemental oxides to benefit most of  what is present in the biomass.

5.3 Possible cement replacement
From the three identified biomass categories, combustion of  the ash would result in more than 2.0 Mtonnes 
of  biomass ash for cement application. In 2013, no clinker was produced in The Netherlands per Eurostat, 
however, ENCI Maastricht has reported the production of  less than 600 tonnes of  clinker [33], [34]. The 
Netherlands has a limited supply of  raw materials for clinker production, namely limestone, consequently all 
cement manufactured in the country is produced by blending imported clinker with domestically produced 
waste streams such as slag. Per the United Nations Department of  Economic and Social Affairs Statistics 
Division, The Netherlands imported a net 0.63 Mtonnes of  cement clinker in 2013 (0.63 Mtonnes imported 
and 0.002 Mtonnes exported) [35]. All the imported cement clinker could potentially be replaced by 
domestically produced biomass derived ash. Additionally, The Netherlands imported a net 2.7 Mtonnes of  
Portland cement and hydraulic binders, for a total of  3.3 Mtonnes Portland cement, hydraulic binders and 
cement clinker. This statistic fits with the reported usage of  4.2 Mtonnes of  hydraulic binders consumed in 
The Netherlands in 2013 [36] given that the imported clinker was blended with industrial wastes to produce 
cements like CEM II-S and CEM III. If  100% of  these biomass waste streams were combusted and applied 
as a cement replacement (negating the difference in chemical composition), theoretically 100% of  clinker 
imports could be avoided. The amount of  hydraulic binder imports could also be reduced by 52% (or 
more given the potential to blend with industrial wastes). This oversimplification serves as an indication of  
potential impact, however more investigations into the functional properties of  biomass derived cements is 
necessary for specific values to be calculated. While these estimates do make many assumptions, they also 
negate the growing stake of  biomass in energy production and the vested interest in a circular economy. 
Given the current potential and the environmentally minded changes being made in society [37] the use of  
biomass derived ash as a cement replacement holds potential and deserves further research.
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6. Conclusions

6.1 Conclusions on composition
A potentially ideal ash for cement replacement or clinker production can be achieved based on the ashes of  
particular biomass streams. SiO2 can be obtained from WWB (wood and woody biomass), HBA (herbaceous 
and agricultural biomass) or OR-CB (organic residues and contaminated biomass). Higher concentrations 
of  CaO are necessary for cement replacement or clinker raw material replacement but they are more 
difficult to find in biomass. Most notable CaO can be obtained from bark and hardwood in the WWB 
category, rape straw in the HAB category or paper residue in the OR-CB category. Ashes derived from the 
OR-CB category paper sludge showed the potential to provide both CaO and SiO2 however the extent of  
their reactivity remains to be investigated. 

Based on this investigation, the oxides present in the different biomass streams indicate that replacement of  
clinker raw materials has more potential than direct cement replacement. While there are plenty of  biomass 
sources with an abundance of  SiO2 which could function pozzolanicly, to reach higher cement replacement 
rates hydraulic minerals are necessary. Individual biomass streams have CaO and SiO2 present in quantities 
more likely to produce belite than alite. Furthermore, given the conversion temperatures below 1000 °C it 
is unlikely that alite would be formed during energy production. To be an equivalent cement replacement, 
both alite and belite are necessary. However, blending different biomass ash streams and subjecting them 
to a secondary thermal treatment could produce but alite and belite. Therefore, the use of  biomass derived 
ashes as a clinker raw feed replacement is a progression worth more investigation. 

6.2 Conclusions on conversion system
Circulating fluidized beds (CFB) and bubbling fluidized beds (BFB) produce ashes that on average have 
higher contents of  the desired oxides CaO and SiO2 with a smaller deviation range and are also more 
desirable concerning minor elemental oxides since they had more Al2O3 and less K2O (compared to 
pulverized fuel reactors and grate stoker furnaces).

6.3 Conclusions on potential replacement in The Netherlands 
This study estimates that more than 2.0 Mtonnes of  biomass ash are produced annually in The Netherlands. 
In 2013, The Netherlands imported a total of  3.3 Mtonnes Portland cement, hydraulic binders and cement 
clinker. That same year roughly 4.2 Mtonnes of  hydraulic binders consumed. If  100% of  these biomass 
waste streams were combusted and applied as a cement replacement theoretically 100% of  clinker imports 
could be avoided. The amount of  hydraulic binder imports could also be cut in half. 

7. References

[1] S. V. Vassilev, D. Baxter, L. K. Andersen, and C. G. Vassileva, “An overview of  the composition 
and application of  biomass ash. Part 1. Phase–mineral and chemical composition and classification,” Fuel, 
vol. 105, pp. 40–76, Mar. 2013.

[2] A. Demirbas, “Combustion characteristics of  different biomass fuels,” Prog. energy Combust. Sci., vol. 
30, no. 2, pp. 219–230, 2004.

[3] M. F. M. Zain, M. N. Islam, F. Mahmud, and M. Jamil, “Production of  rice husk ash for use in 
concrete as a supplementary cementitious material,” Constr. Build. Mater., vol. 25, no. 2, pp. 798–805, 2011.

[4] P. K. Mehta, “Properties of  blended cements made from rice husk ash,” in Journal Proceedings, 1977, 
vol. 74, no. 9, pp. 440–442.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

707

IC
SB

M
 2

01
9

ID
 0

56

[5] D. J. Cook, R. P. Pama, and B. K. Paul, “Rice husk ash-lime-cement mixes for use in masonry units,” 
Build. Environ., vol. 12, no. 4, pp. 281–288, 1977.

[6] V. M. H. Govindarao, “Utilization of  rice husk-a preliminary-analysis,” J. Sci. Ind. Res., vol. 39, no. 
9, pp. 495–515, 1980.

[7] M. N. Al-Khalaf  and H. A. Yousif, “Use of  rice husk ash in concrete,” Int. J. Cem. Compos. Light. 
Concr., vol. 6, no. 4, pp. 241–248, 1984.

[8] A. Dass, “Pozzolanic behaviour of  rice husk-ash,” 1984.

[9] H. Chao-Lung, B. Le Anh-Tuan, and C. Chun-Tsun, “Effect of  rice husk ash on the strength and 
durability characteristics of  concrete,” Constr. Build. Mater., vol. 25, no. 9, pp. 3768–3772, 2011.

[10] V. P. Della, I. Kühn, and D. Hotza, “Rice husk ash as an alternate source for active silica production,” 
Mater. Lett., vol. 57, no. 4, pp. 818–821, 2002.

[11] N. Amin, “Use of  bagasse ash in concrete and its impact on the strength and chloride resistivity,” 
J. Mater. Civ. Eng., vol. 23, no. 5, pp. 717–720, 2010.

[12] V. S. Batra, S. Urbonaite, and G. Svensson, “Characterization of  unburned carbon in bagasse fly 
ash,” Fuel, vol. 87, no. 13–14, pp. 2972–2976, 2008.

[13] N. Chusilp, C. Jaturapitakkul, and K. Kiattikomol, “Utilization of  bagasse ash as a pozzolanic 
material in concrete,” Constr. Build. Mater., vol. 23, no. 11, pp. 3352–3358, 2009.

[14] M. Frías, E. Villar, and H. Savastano, “Brazilian sugar cane bagasse ashes from the cogeneration 
industry as active pozzolans for cement manufacture,” Cem. Concr. Compos., vol. 33, no. 4, pp. 490–496, 2011.

[15] D. D. Bui, J. Hu, and P. Stroeven, “Particle size effect on the strength of  rice husk ash blended gap-
graded Portland cement concrete,” Cem. Concr. Compos., vol. 27, no. 3, pp. 357–366, Mar. 2005.

[16] G. C. Cordeiro, R. D. Toledo Filho, L. M. Tavares, E. de M. R. Fairbairn, and S. Hempel, “Influence 
of  particle size and specific surface area on the pozzolanic activity of  residual rice husk ash,” Cem. Concr. 
Compos., vol. 33, no. 5, pp. 529–534, 2011.

[17] P. K. Mehta, P. J. M. Monteiro, J. M. Monteiro, and P. J. Monteiro, Concrete: microstructure, properties 
and materials. McGraw-Hill Publishing, 2013.

[18] V. Horsakulthai, S. Phiuvanna, and W. Kaenbud, “Investigation on the corrosion resistance of  
bagasse-rice husk-wood ash blended cement concrete by impressed voltage,” Constr. Build. Mater., vol. 25, 
no. 1, pp. 54–60, Jan. 2011.

[19] R. Siddique and M. I. Khan, Supplementary cementing materials. Springer Science & Business Media, 
2011.

[20] R. Rajamma, R. J. Ball, L. A. C. Tarelho, G. C. Allen, J. A. Labrincha, and V. M. Ferreira, 
“Characterisation and use of  biomass fly ash in cement-based materials,” J. Hazard. Mater., vol. 172, no. 
2–3, pp. 1049–1060, 2009.

[21] J. Hong and X. Li, “Environmental assessment of  sewage sludge as secondary raw material in 
cement production – A case study in China,” Waste Manag., vol. 31, no. 6, pp. 1364–1371, Jun. 2011.

[22] Y. Lin, S. Zhou, F. Li, and Y. Lin, “Utilization of  municipal sewage sludge as additives for the 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

708

IC
SBM

 2019
ID

 056

production of  eco-cement,” J. Hazard. Mater., vol. 213–214, pp. 457–465, Apr. 2012.

[23] L. H. Buruberri, M. P. Seabra, and J. A. Labrincha, “Preparation of  clinker from paper pulp industry 
wastes,” J. Hazard. Mater., vol. 286, pp. 252–260, Apr. 2015.

[24] L. Simão et al., “Waste-containing clinkers: Valorization of  alternative mineral sources from pulp 
and paper mills,” Process Saf. Environ. Prot., vol. 109, pp. 106–116, Jul. 2017.

[25] A. R. G. Azevedo et al., “Development of  Methodology for the Characterization and Incorporation 
of  Waste from the Paper Industry in Cementitious Materials,” Springer, Cham, 2019, pp. 583–590.

[26] A. A. Usón, A. M. López-Sabirón, G. Ferreira, and E. Llera Sastresa, “Uses of  alternative fuels 
and raw materials in the cement industry as sustainable waste management options,” Renew. Sustain. 
Energy Rev., vol. 23, pp. 242–260, Jul. 2013.

[27] A. Faaij, I. Steetskamp, A. van Wijk, and W. Turkenburg, “Exploration of  the land potential for the 
production of  biomass for energy in the Netherlands,” Biomass and Bioenergy, vol. 14, no. 5–6, pp. 
439–456, May 1998.

[28] L. P. L. M. Rabou, E. P. Deurwaarder, H. W. Elbersen, and E. L. Scott, “Biomass in the Dutch 
energy infrastructure in 2030.” 2006.

[29] I. H. E. M. Stassen, “Biogas and biomass technology: Energy generation from biomass and waste 
in the Netherlands,” Renew. Energy, vol. 5, no. 5–8, pp. 819–823, Aug. 1994.

[30] Centraal Bureau voor Statistics, “StatLine,” 2013. [Online]. Available: https://opendata.cbs.nl/
statline/#/CBS/nl/.

[31] Energy Research Centre of  the Netherlands, “Phyllis2 Database for biomass and waste,” 2012. 
[Online]. Available: https://phyllis.nl/.

[32] M. Cyr, M. Coutand, and P. Clastres, “Technological and environmental behavior of  sewage sludge 
ash (SSA) in cement-based materials,” Cem. Concr. Res., vol. 37, no. 8, pp. 1278–1289, Aug. 2007.

[33] ENCI, “Milieu- en veiligheidsverslag Maastricht 2013-2014,” 2014.

[34] European Commission, “Eurostat. Total production by PRODCOM list (NACE Rev. 2) - annual 
data,” 2013. [Online]. Available: https://ec.europa.eu/eurostat/data/database.

[35] UN Data, “Commodity Trade Statistics Database.,” 2018. [Online]. Available: http://data.un.org/.

[36] CEMBUREAU, “World Statistical Review 2004-2014,” 2017.

[37] European Commission, “A Roadmap for moving to a competitive low carbon economy in 2050,” 
2011.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

709

IC
SB

M
 2

01
9

ID
 0

59

Qualification of  the residual reactivity of  
compacted recycled aggregates

Y. Hou1, P. Mahieux1, J.  Lux1, P. Turcry1, A. Ait-Mokhtar1

1 : Laboratoire des Sciences de l’Ingénieur pour l’Environnement (LaSIE), UMR CNRS 7356, Université 
de La Rochelle, Avenue Michel Crépeau, 17000 La Rochelle, France.

Abstract 

 Recycled Aggregates (RA) are a very complex mineral construction material, containing mainly cementitious 
materials, natural aggregates and to a lesser extent, fired clay brick and bituminous materials. Due to this 
specificity, RA has a potential residual reactivity that we propose to study in this research paper. By scale 
reducing of  a previous research program on the in-situ experimental platform, mixed fine RA and water 
were compacted according to the European Standard NF EN 13286-53 to form cylindrical specimens of  5 
cm in diameter and 5 cm in height. They were placed under four enclosures with controlled relative humidity, 
including an accelerated carbonation condition (RH 53±5%, RH 95±5%, RH 65±5% and RH 65±5% with 
3% CO2). Their physical, chemical and mechanical properties have been subsequently measured over time 
for one year. The results show that under natural conditions, the carbonation coefficient is lower for larger 
values of  RH. The dynamic modulus and the compressive strength of  all samples significantly increased 
during the first month. In view of  our experimental results, we assume that this increase of  inter-granular 
cohesion is due to drying and by cementing, induced by residual carbonation of  RA particles containing 
cementitious materials. The effect of  accelerated carbonation does not seem to improve the mechanical 
characteristics by comparison with the other conditions (i.e. natural carbonation), even if  we still observe 
a significant mass gain.

Keywords: Recycled Aggregates, residual hydraulic reactivity, carbonation, road construction.

1. Introduction

Construction and Demolition Waste (CDW) is a major waste source in the world, with approximately 3 
billion tons generated per year [1, 2]. EUROSTAT has recently published data showing that EU member 
states generate 850 million tons of  CDW each year. In France, the construction industry produces about 230 
million tons of  the CDW every year, while at the same time, consuming almost 400 million tons of  natural 
aggregates (NA) [3]. To address this issue, the Waste Framework Directive (WFD) has encouraged EU 
member states to recycle at least 70% of  non-hazardous and inert CDW by 2020. To reduce the storage of  
CDW and the consumption of  natural aggregate resources, the construction industry and public or private 
laboratories have been collaborating on multiple French national projects (e.g. Recybéton, FASTCARB) 
optimise the use of  recycled aggregates, giving them a high added value.

Recycled aggregates (RA) have been used in road engineering in many French regions since the 2000s 
and technical and environmental guides have emerged to frame their uses. However, we note that these 
materials are still characterised as natural aggregates (NA), without taking into account their specificities 
and their potentialities. The results of  a previous research project, titled RECYMENT (2014–2016) and 
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conducted in our lab, LaSIE, showed that RA, derived from a conventional demolition waste recycling 
platform, were certainly very complex but also reactive and efficient in the long term, indeed, even better 
than NA [4]. The current issue is that the public owners are still reluctant to use RA in the construction 
of  roads. However, older researches [5] have demonstrated that fears about potential chemical or physical 
incompatibility between RA and NA have no real basis. In 2011, Hornych made an inventory of  recycling 
practices in several European countries [6]. Among the countries studied, the case of  Sweden is particularly 
interesting because RA was being used there for pavement structures, depending on the strength of  the 
concrete with which the original materials were manufactured. A module of  450 MPa was assigned to them 
for sizing. In the Netherlands, studies on test sites have been carried out indicating that the modulus is 
between 600 and 800 MPa in the short term (depending on the proportion of  concrete in the RA) but can 
reach more than 1000 MPa in the long term. Arm [7] investigated the long-term behaviour of  compacted 
RA using triaxial tests (containing at least 95% of  concrete). The author found an increase over time of  
the stiffness modulus, whereas, in the case of  natural aggregates, the modulus remained constant. More 
recently, other authors have observed these same trends. Vegas et al. [8] have performed CBR tests and have 
shown a gain in the medium-term puncture resistance, which they attributed to the residual hydraulicity of  
cementitious materials contained in RA. However, there has been little deep discussion about the reasons 
for the gain in resistance of  compacted RA, which is used in pavement structures. 

Some researchers [9, 10] have demonstrated that the unhydrated residual materials in RA can rehydrate. 
Shui et al. [11] proposed the preheating of  the fine recycled concrete aggregates to facilitate the rehydration 
reactivity. The result revealed that the C-S-H gel, ettringite, and calcium hydroxide reappeared in the initial 
crystalline hydrated products of  fine recycled concrete aggregates but with the changed microstructure of  
the rehydration products, which was looser than that of  the ordinary cement paste. Poon et al. [12] studied 
the self-cementing properties of  the sub-based materials prepared with recycled concrete aggregates and 
reported that the fine recycled concrete aggregates could be affected by the age, grade, and amount of  
cementitious materials used in the original concrete, determining the self-cementing properties. So far, 
research characterising the residual reactivity of  RA in the concrete, no many studies exist which the residual 
reactivity of  RA in the construction of  roads.

All studies show that the recycled aggregates can substitute for natural aggregates in road construction; 
however, discussing the causes of  compacted RA reactivity is necessary. To address this gap in the research, 
this study investigates the role of  the constituents contained in RA, which originated from the recycling 
platform. We mixed fine RA and water with the packing density of  specimens C=0.68 to made Compacted 
Recycled Sand (CRS) of  5 cm in diameter and 5 cm in height. To characterise the physical and mechanical 
properties and the capacity for uptake of  CO2 of  CRS, we determined the mass loss, dynamic modulus, 
compressive strength, and carbonation depths as a function of  time, respectively. Taking into account the 
impact of  the real environment (dry and wet), the CRS were placed under four enclosures with controlled 
relative humidity, including an accelerated carbonation condition.

2. Materials and specimens

2.1 Origin of  RA
The RA with 0/6 mm particle size fraction (RA 0/6) used in this study was provided by a recycling platform 
located in La Rochelle (France). On-site, the CDW was subjected to primary crushing and screening before 
testing in the laboratory. At first, the hand sorting on particles of  4/6 mm size fraction was realised in 
accordance with the European Standard NF EN 933-11 [13] in view to characterise and quantify the 
constituents of  the RA. The nature and the mass proportions of  each constituent are presented in Table 1. 
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Table 1: Constituent of  4/6 RA with NF EN 933-11[13].

Description of  constituents Mass proportion

%wt.

Rc (concrete, concrete products, mortar, concrete masonry units) 82.9
Ru (unbound aggregate, natural stone, hydraulically bound aggregate) 16.3

Ra (bituminous materials) -
Rb (clay masonry units, calcium silicate masonry units, aerated non-floating concrete) 0.1

Rg (glass) 0.6
X (other: cohesive, metals, non-floating wood, plastic, gypsum plaster,..) 0.1

The Rc and Ru constituents are the major materials contained in the 4/6 mm fraction of  the tested RA, 
accounting for 99.2%. This preliminary result is satisfactory and in accordance with the European Standard 
and the French application guides in road technology [13, 14]. This distribution is tributary of  the high 
technicality used on recycling platform and, of  course, the incoming materials.

2.2 Mixing and compaction
The water content (w=10%) and the packing density of  specimens (C=0.68) were fixed to obtain an initial 
compressive strength of  1 MPa, which corresponds to the aimed compressive strength for authorising 
the road traffic in the construction phase in accordance with the French standard NF P 94-102-1 [15]. 
Considering that the confection of  one specimen lasts about 10 minutes, about 3% of  the water incorporated 
in the blend was absorbed by the cementitious materials. This value was determined from the curve of  
water absorption as a function of  time, which is not presented in this paper. Therefore, the corrected 
intergranular water content is equal to 7% (Figure 1) that is close to the maximal relative humidity measured 
by isothermal absorption and sorption test (also not presented in this paper). Dried RA 0/6 and water were 
mixed with a mechanical blender to made cylindrical specimens of  compacted sand (CRS) with 50 mm in 
diameter and 50 mm in height in accordance with the European Standard NF EN 13286-53 [16]. Each 
specimen was demoulded immediately after casting (Figure 2).

Figure 1: A schematic of  the composition of  specimens, Vt = 98.2 cm3;  Vv = 31.4 cm3;  V s = 66.8 
cm3.
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 Figure 2: Specimens CRS deposed in controlled RH condition enclosure .

2.3 Curing conditions
The specimens were stored at 20±2°C in four enclosures with different relative humidities (Figure 3). The 
enclosures contained wet air, at 53±5%, 65±5% and 95±5% RH, respectively. These enclosures were used to 
simulate three significantly different environments in accordance with the water vapour sorption isotherm. 
The RHs were controlled by saturated salt solutions (Magnesium nitrate for RH 53.5%, Ammonium nitrate 
for RH 65%, and demineralised water for RH 95%). Table 2 shows the specimens treated using natural 
and accelerated carbonation. Under the natural condition, the CO2 concentration in the enclosures was the 
ambient concentration (0.05%), and under the accelerated carbonation condition, the enclosure was filled 
with a mix of  air and CO2 with a concentration of  3% at 65±5% RH (Figure 3 (c)). The CO2 concentration 
was increased from 0.05% to 3% then stabilised, after the masses of  specimens were stabilised in the 
enclosure RH 65%. In this enclosure, there is ventilation to homogenize the CO2 concentration in the 
whole volume. 

Figure 3: (a) Enclosure at RH=65% and CO2=3% (b) Enclosures at RH 53.5% and 65% CO2≈0.05% 
(c) Experimental setup of  CO2=3% curing at RH=65%.
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Table 2: Curing conditions of  specimens.

Curing conditions Specimen RH After casting After hydric stabilisation

%

Natural carbonation

(CO2≈0.05%)

RH 53% Nat. 53.5 Enclosure 

(T= 20±2 °C, CO2≈0.05%)

Enclosure 

(T= 20±2 °C, CO2≈0.05%)
RH 65% Nat. 65
RH 95% Nat. 95

Accelerated carbonation

(CO2 =3%)
RH 65% Acc. 65

Enclosure 

(T= 20±2 °C, CO2≈0.05%)

Enclosure 

 (T= 20±2 °C, CO2=3% add ventilation)

3. Methods

3.1 Thermogravimetric analysis (TGA) 
TGA was performed with a Setaram Setsys Evolution 16/18 apparatus on three RA samples, namely: Ru 
and Rc from 4/6 RA (RA 4/6_Ru and RA 4/6_Rc) and RA 0/6. Around 150-190 mg of  sampled materials 
were heated from 20 °C to 1000 °C at a 10 °C/min heating rate, under neutral argon atmosphere.

3.2 Mass variations of  specimens 
As explained before, the water content used to prepare the CRS is close to the water content at saturation. 
Due to this reason, the specimens should dry over time in all exposures conditions. The specimens were 
periodically weighed to follow the hydric variation until their mass stabilisation (error <0,1%). The mass 
loss was calculated using the following equation:

                                                      (1)

where app is the apparent volume of  the specimen (98.2 cm3), Mi is the initial mass of  the specimen, and 
Mt is the mass of  the specimen at time t.

3.3 Mechanical properties
Mechanical properties had been studied using two methods. The first one was destructive and consisted 
in axial compressive tests, and the second one was a non-destructive method using ultrasonic waves 
propagation. As for the mass loss, the mechanical properties were measured periodically at the beginning 
to 270 days. Three specimens per date were tested for each curing conditions.

The compressive strength of  the specimen was determined by a Zwick/Roell Z100 brand 10 kN press with 
a constant loading speed of  20 N/s according to the European standard NF EN 13286-41 [17]. 

The ultrasonic waves propagation characterises the specimen structures and can be used to determine the 
dynamic Young’s modulus by measuring wave velocities. Figure 4 (a) shows a schematic diagram of  the 
experimental setup. A Proceq Pundit apparatus with a pair of  piezoelectric transducers pulser-receiver (a 
frequency of  500 kHz) transmitted longitudinal and transverse ultrasonic waves into a specimen. To assume 
a good transmission of  the waves under specimen, a coupling gel was put at the interfaces. At each age, 
the weight of  specimens was measured to calculate the wet bulk density (ρ). On a signal curve presented 
in Figure 4 (b), the first echo was a weak longitudinal wave, which arrives at short time TL, while the first 
strongest shear wave echo appears in the signal at long time TT. According to TL and TT, it is possible to 
calculate the longitudinal wave velocity VL and shear wave velocity VT. The dynamic Young’s modulus was 
determined by the equations in Figure 4 (c). 
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Figure 4: (a) A schematic diagram of  the experimental setup for the shear wave measurements, (b) 
an example of  a signal curve, (c) the equations for calculating dynamic Young’s modulus.

3.4 Carbonation depths
After splitting of  a specimen, carbonation depths were measured after spraying a phenolphthalein alcoholic 
solution on the cross sections. This indicator presents an uncolored area where the pH is less than 9, that 
is a carbonated area.
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Figure 5: The step of  analysing the carbonated area. 

As shown in Figure 5, pictures of  the specimen were taken with a camera Fujifilm X-T20 then binarized 
by an image processing IMAGEJ. The values of  uncarbonated area (S) were converted from the pixel into 
square millimetre (about 1 pixel equals 245-275 mm2). This area looked roughly like a square. The length of  
the uncarbonated area (Ls) can be calculated by:

                                                                                                                             (2)

finally, the carbonation depth Lc in mm can be determined by the following equation:

                                                                                                                                                       (3)    

(c)

(b)

(a)
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where Lsp is the length of  the specimen.

4. Results and discussion

4.1 Preliminary characterisation of  RA
The particle density and water absorption were determined according to the European Standard NF EN 
1097-6 [18] and summarised in Table 3.

Table 3: Physical properties of  RA.

Materials Size Particle density Water absorption

mm g/cm3 %wt.

RA 0-6 2.52 4.27

The particle density of  RA is between the densities of  concrete and natural aggregates (2.4 - 2.9 g/cm3) and 
could be considered as a current aggregate for concrete (between 2 and 3 g/cm3) but, the water absorption 
is high with 4.27%wt. unlike natural aggregates (below 3%wt.) currently used for construction. The high 
water absorption is likely due to the cementitious matrix contained in Rc particles. It is for this major reason 
that it is difficult to incorporate recycled sand as a fine aggregate for concrete. For greater perspective, the 
particle density and water absorption were compared to results from the literature (Figure 6). 

Figure 6: Relationship between density and water absorption [19].

Juan and Gutiérrez had highlighted a linear relationship between these two physical properties [19]: the 
lower the particle density, the higher is the water absorption. As shown in Figure 6, our results are in good 
accordance with this linear relationship. Moreover, the water absorption of  RA could indirectly give the 
amount of  cementitious matrix present.

Mineralogical analysis of  RA is not obvious given the large diversity of  mineral phases from the constituents 
and requires many analyses to be exhaustive. However, two tracers could be easily qualified and quantified 
by thermogravimetric analysis (TGA) to determine the amount of  cementitious matrix and evaluate 
its carbonation. Portlandite Ca(OH)2, which is one of  a major phase of  hydrated cement, and calcium 
carbonate CaCO3, can be distinguished from natural aggregates and carbonation as a function of  their 
decomposition temperature. To get more accurate results, data were analyzed from the TGA curves and 
the differential thermogravimetric curves (DTG) that are presented in Figure 7. 
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Figure 7: TGA curves (a) and DTG curves (b) of  the RA 0/6, RA 4/6_Ru, RA 4/6_Rc.

The TGA curves (Figure 7 (a)) highlight the temperature ranges corresponding to the decarbonation of  
carbonated cementitious materials and of  natural aggregates. Moreover, on the DTG curves (Figure 7 (b)) 
four peaks can be clearly distinguished and explained as follows in accordance with the decomposition 
temperature ranges:

1. From ambient temperature to around 100°C: even if  the sample has been dried in an oven at 105°C 
before TGA, an amount of  free water remains in each material. The weight loss is more important for 
RA 0/6 and RA4/6_Rc, which means that the hydrated cement paste begins to decompose;

2. From 100°C to 400°C: Except for the RA 4/6_Ru, the weight loss is attributed to the dehydration of  
the cement hydrates (especially C-S-H and Ettringite) [20], that is more important for RA0/6_Rc due 
to the nature of  this material.

3. From 400°C to 500°C: the weight loss observed in this temperature range is currently attributed to the 
deshydroxylation of  the Portlandite [21]. As the previous temperature range, the weight loss is more 
important for RA 4/6_Rc. Note that this material is not totally carbonated and could store more CO2 
to form carbonate in specific conditions (i.e. 2.3 Curing conditions).

4. From 500°C to 600°C: the peak in this temperature range corresponds to the allotropic transformation 
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of  quartz α into quartz β [22]. This allotropic transformation is significant for all three materials and 
comes from siliceous natural aggregates.

5. From 600 to 975°C: this weight loss corresponds to the decarbonation of  calcium carbonate CaCO3. 
There is a clear difference between RA 0/6 and RA 4/6_Rc by comparison with the RA 4/6_Ru. 
According to Sauman, calcium carbonates, formed by carbonation of  cement hydrates, can be poorly 
crystallised and have unstable forms. They decompose between 500 and 800 °C [23], i.e. in a lower 
temperature range than natural limestone mineral phase. 

Table 4 presents the mass proportions of  the Portlandite and the calcium carbonates determined by TGA 
(Figure 7). 

Table 4: Mass proportions of  Ca(OH)2 and CaCO3 in RA 4/6_Ru ,  RA 4/6_Rc ,  and RA 0/6.

RA 4/6_Ru RA 4/6_Rc RA 0/6

Ca(OH)2 (%wt.) 0.98 1.64 1.54

CaCO3 (%wt.) 41.3±0.8 21.1±0.6 26.0±0.6

The mass proportion of  CaCO3 in RA 4/6_Ru is more than twice higher than the global material RA 
0/6 and the RA 4/6_Rc. Limestone constitutes a large part of  natural materials Ru. Conversely, the mass 
proportion of  Portlandite in RA 4/6_Ru is negligible but not more significant for the RA 0/6 and RA 
4/6_Rc. 

The mass proportion of  CaCO3 comes from both the natural limestone aggregates and the carbonates 
formed by carbonation during the service life of  the concrete and/or just after crushing on the recycling 
platform. It is impossible to distinguish them quantitatively with TGA. Another analysis by XRD could 
allow this by quantifying the different carbonates forms, i.e. Vaterite, Aragonite, and Calcite separately.

Considering the hand sorting results for RA 4/6_Rc and RA 4/6_Ru (Table 1), the mass proportion of  
CaCO3 in the RA 4/6 size fraction can be considered equal to 24%wt. (82.9*21.1+16.3*41.3). By comparison 
with the RA 0/6 (≈ 26%wt.), it can be assumed that the 0/4 size fraction is not significantly different.

4.2 Carbonation depth
Figure 8 shows the average of  the carbonation depths under the natural and accelerated conditions. 
The carbonation depths are the averages of  three specimens at the age of  7, 15, 30, 50, 180 and 270 
days after casting. The four images on the right are the cross section of  the specimens after spraying the 
phenolphthalein alcoholic solution at 180 days. As shown in Figure 8, the specimens under RH 65% Acc. 
are entirely carbonated within 8 hours according to pH drop. Under natural conditions, carbonation depths 
are lower for high values of  RH. This could be explained by a slower diffusion of  CO2 for these more water-
saturated specimens [24]. Note the presence of  an offset from the origin for the RH 65% Nat. and RH 95% 
Nat. conditions, and that this one is more important in the second case. This is because the specimens are 
almost totally water-saturated, preventing the diffusion of  CO2 in porous media. Said diffusion is delayed 
because of  the higher water content in the RH 65% Nat. and RH 95% Nat. conditions, which have lower 
kinetics of  weight loss, unlike RH 65% Acc. and RH 53% Nat., as shown in Figure 9.
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Figure 8: Relationships between the carbonation depths (Lc) and the square root of  exposure time 
of  specimens under different conditions.

Figure 9: Percentage mass loss of  specimens under different conditions in 270 days.

For a reinforced concrete element, the carbonation phenomenon gradually progresses from the external 
surface in contact with its environment to the inner. The European Standard NF EN 16757 [25] proposes 
a model to predict the evolution of  carbonation depth Xc (t) in mm as a function of  the square root of  
time (t expressed in years). A carbonation coefficient ki, expressed in mm/year1/2, allows us to take into 
account the properties of concrete, the properties of the reinforced concrete element and the environment 
in which it is exposed (equation 4).

(4)

For the CRS, the evolution of  the phenomenon seems to be similar. Three carbonation coefficients were 
estimated for RH 53% Nat., RH 65% Nat., RH 95% Nat. with respectively 0.8, 0.5 and 0.27 mm/day1/2. 
According to the European Standard NF EN 16757, the carbonation coefficients of  concrete with a 
strength class lower than 15 MPa are as follows:

•	 16.5 mm/year1/2 (about 0.86 mm/day1/2) for the indoor in dry climate;

•	 11.6 mm/year1/2 (about 0.6 mm/day1/2) for the indoor with cover;

•	 5.5 mm/year1/2 (about 0.29 mm/day1/2) for exposed to rain. 
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It is interesting to note that the natural carbonation rates of  the studied CRS are close to the rate of  low-
strength concrete (in indoor conditions). In our case, the carbonation rate depends on the proportion of  Rc 
particles contained in RA and on the connectivity and water saturation of  the compacted sand. However, 
it is impossible in the current state of  knowledge to determine the effect of  intra-granular porous media 
of  Rc particles. 

The proportion of  CaCO3 in the carbonated area can help to determine the carbonation degree under 
different RHs. The mass proportion of  CaCO3 in the carbonated area at the age of  180 days was determined 
by TGA and shown in Table 5. 

Table 5: Calculated amounts of  CaCO3 in the carbonation area of  specimens under different 
conditions at the age of  180 days.

RH 53% Nat. RH 65% Acc. RH 65% Nat. RH 95% Nat.

CaCO3 (%wt.) 31.5±1.16 33.2±0.16 30.7±0.05 29.1±0.04

Compared with the proportion of  CaCO3 in RA 0/6 (26.0%wt., in table 4) at 0 days, we found that 
the CaCO3 in the carbonated areas increases between 3.1%wt. and 7.2%wt. The proportion is higher in 
accelerated conditions as a result of  the high concentration of  CO2 in this enclosure. Conversely, the 
proportion of  CaCO3 in RH 95% is the lowest value but higher than the initial proportion. All these results 
prove that RA can uptake CO2 by carbonation in each exposure condition, which confirms the trends 
observed with the carbonation depths determined by phenolphthalein spraying. Another interesting finding 
is that at the age of  270 days, for RH 65% Acc., the proportion of  CaCO3 is higher with 34.5±0.64%wt. 
Over time, the materials continue to uptake CO2 by carbonation, proving that the carbonation depths 
distinguished by pH cannot define the carbonation degree.

4.3 Mechanical properties
The ultrasonic wave propagation can display the development of  dynamic modulus under different 
conditions. Figure 10 shows the development of  dynamic modulus E as a function of  time, normalised by 
the initial values Eini. The results are the average of  three specimens for each condition.

Figure 10: Time-evolution of  the dynamic modulus related to the initial dynamic modulus under 
different conditions.

The evolution of  dynamic modulus shows two distinct phases. The first is from 0 to 21 days: E/Eini of  all 
specimens linearly increases. This increase can be associated with the decrease of  water content because 
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the mass of  specimens reduces linearly during this period (Figure 9). Take note that the E/Eini under RH 
53% Nat. is higher than the others, coinciding with the trends obtained by carbonation depths. We can 
propose that before 21 days, except for an influence of  water content, the dynamic modulus is improved 
by an increased carbonation depth. 

The second phase is after 21 days: The effect of  the exposure condition on E/Eini could be identified 
more easily. Under RH 95% Nat., E/Eini continues to increase. During this period, the specimens at 95% 
RH gain mass (Figure 9). In explaining the increase of  E/Eini, we suppose that the water reacts with the 
residual cementitious materials and forms new crystalline products, which could fill the porous media in 
the specimens. In contrast, under RH 53% Nat. and RH 65% Nat., E/Eini tends to decrease and then to 
stabilise. Notably, the high CO2 concentration, added into the enclosure RH 65% Acc., could not improve 
the dynamic modulus. This is in contrast to the conclusion of  Nakarai and Yoshida [26]. In the present study, 
accelerated carbonation has a negative effect on the mechanical properties of  the CRS. Other experimental 
investigations, such as XRD and micro tomography, should allow a better understanding of  the evolution 
of  the microstructure.

Figure 11: Development of  compressive strength of  specimens under different conditions. (a) 
Under natural conditions and different RH. (b) Under RH=65%, natural carbonation condition VS 
accelerated carbonation condition.

Apart from the dynamic modulus, we can also synthesize the results of  compressive strength to analyse the 
development of  mechanical properties (Figure 11). In order to clarify the possible reasons for the time-
evolution of  compressive strength, the results have been divided into two Figures.

As seen in Figure 11, two distinct phases are also found in the evolution of  compressive strength. During 
the first 30 days, the compressive strength increases to a value 2.1‒2.7 times higher than the initial value. 
After 30 days, the compressive strength can be considered almost constant. From Figure 11a, it is also 
observed that no difference exists in compressive strength for each condition. Thus the strength is not 
affected by the residual cementitious material hydration and natural carbonation. Moreover, carbonation 
does not improve the compressive strength because the results for RH 65% Acc. are notably lower than 
for RH 65% Nat (Figure 11b), as opposed to some other findings [27, 28], which were focused on the 
carbonation of  concrete and recycled concrete aggregates. We suppose that the RA used in the specimens 
had been carbonated by the carbonation of  Ca(OH)2 during the crushing at the recycling platform and 
transport. Therefore, under a high CO2 gas concentration (RH 65% Acc.), the CaCO3 is mostly generated 
from the carbonation of  C-S-H gel, which would have caused the weak strength as found in previous 
studies [26, 29].

Figure 12 shows the relationships between the compressive strength and the water content of  specimens 
under different conditions.

(b)(a)
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Figure 12: Relationships between the compressive strength and the water content of  specimens 
under different conditions.

This graph completes the analysis of  Figure 12, from which the reader can clearly observe that the 
mechanical properties increase as a function of  time, regardless of  the amount of  water contained in the 
material. Two parameters appear to control this evolution: on the one hand, the residual hydration of  the 
cement and / or the hydration of  the clay bricks by pozzolanic reaction for a high relative humidity; and 
on the other hand, the water content which, in weak proportion, ensures the bonding of  the particles by 
the capillary bridges. In all cases, an important point is that whatever the amount of  water contained in the 
material, the mechanical properties remain stable in the long term. For applicability in road engineering, this 
stability offers a better examination and guarantee of  durability in the long term. 

5. Conclusions

This work investigated the potential residual reactivity of  RA under four conditions of  RH: 53±5%, 
95±5%, 65±5% and 65±5% with 3% CO2. Based on the results of  carbonation depths and mechanical 
properties, the following conclusion can be made: 

1. Under natural conditions, the carbonation coefficient is lower for larger values of  RH and is of  the 
same order of  magnitude of  the carbonation coefficient of  Ordinary Portland Concrete. The reason 
can be that water fills the pores in specimens, which can prevent CO2 diffusion. Besides, RA can uptake 
CO2 by carbonation in each exposure condition what is confirmed by the trends observed with the 
carbonation depths. These prove that RH can not only limit the carbonation rate but also control the 
carbonation degree. 

2. The dynamic modulus increases with the decrease of  water content until the age of  21 days and 
dynamic modulus under RH 53% Nat. is the highest. We suppose that except for an influence of  
water content, the dynamic modulus is improved by carbonation before 21 days. In the long term, 
E/Eini continues to increase under RH 95% Nat. We suppose that the increase of  dynamic modulus 
is due to the hydrated residual cementitious materials that could fill the pores in the specimen. While 
the carbonation rate is more important under the accelerated condition, we observe that the dynamic 
modulus is not improved. It is opposite to the finding of  Nakarai and Yoshida [26].

3. The compressive strength increases under all conditions in the first month and then is almost stable. 
The absorbed water into aggregates that form links between aggregates can explain this increase. The 
compressive strength under RH 65% Nat. is higher than that under RH 65% Acc., the reason could be 
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the carbonation of  C-S-H gel.

4. The relationship between the compressive strength and the water content point out that the water 
content affects the strength. Compressive strength increases with the decrease of  water content in the 
same way as the dynamic modulus.

So far, we studied the performance CRS used RA, and the results propose that RA has reactivity under 
different environments. The following step is to study the microstructure of  CRS. The research can be 
extended to the analysis of  the pozzolanic reaction that could improve the strength of  pavement structures 
in the long term.
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Abstract 

Wollastonite is a mineral that is used as industrial raw material in several kind of  areas. One of  these 
areas is construction industry in which it is used as an admixture to produce cementitious materials. 
Wollastonite mineral positively effects mechanical and durability properties of  cementitious materials 
due to its acicular particle structure, which is the most important property for the product manufactured 
with wollastonite. Wollastonite mineral can be produced synthetically by using various waste materials to 
ensure environmental waste management and to produce sustainable construction materials. Theoretical 
composition of  wollastonite with acicular particle structure is approximately 48% CaO and 52% SiO2. 
Therefore, minerals having high CaO and SiO2 content can be used to produce this mineral. Especially, 
industrial waste materials such as silica fume (SF), granulated blast furnace slag (GBFS) and marble powder 
(MP) can be the key minerals for the production of  wollastonite. In this study, four different synthetic 
wollastonite (SW) productions were performed by using SF, GBFS, MP, sintered marble powder (SMP) and 
quicklime (QL). SF was used as source of  SiO2 in all productions. QL, GBFS, MP and SMP were used as 
source of  CaO. The production of  SWs were performed by using a new technique. This new technique 
consists mainly of  mechanochemical process, hydrothermal process and sintering process. SEM, XRF and 
XRD analysis were applied to the manufactured mixtures. Results of  the analysis indicated that all mixtures 
produced synthetically were wollastonite. However, SWs produced with SF-QL (SQ), SF-GBFS (SG) and 
SF-MP (SM) mixtures did not have an acicular particle structure. Moreover, the acicular particle formation 
of  SWs was obtained from SF-SMP (SS) mixture.

Keywords: Synthetic wollastonite mineral, industrial waste materials, silica fume, granulated blast furnace 
slag, marble powder.

1. Introduction

Wollastonite mineral is a shape of  naturally occurring acicular, white colour (usually) calcium silicate (CaSiO3) 
with high modulus of  elasticity [1, 2]. Wollastonite is a relatively hard material with a hardness of  4.5 to 5.5 
on the Mohs scale with a specific gravity of  2.9 [3, 4]. This mineral containing approximately 90% of  CaO 
and SiO2 minerals may include a low amount of  elements such as iron, aluminium, manganese, magnesium, 
sodium and potassium. Manganese and iron elements affect its colour [3, 5-9]. Wollastonite that found as 
α-wollastonite and β-wollastonite in nature has many beneficial physical and chemical properties such as 
low thermal expansion, low oil and water adsorption and chemical inertness [3, 8]. Nowadays, wollastonite 
mineral has been extensively known worldwide for its major industrial importance thanks to these properties 
[1]. Wollastonite mineral with acicular particle structure is used primarily in ceramics, plastics, paints, paint 
fillers, rubbers, coatings, adhesives and refractories [1, 3, 5]. Natural wollastonite generally consists only in 
small amounts and is frequently existed with other minerals such as calcite, diopside and garnet etc. [3, 10]. 
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Therefore, an interest has been aroused in research to improve pure synthetic wollastonite (SW), especially 
wollastonite powder with high aspect ratios for all of  the applications mentioned above [3, 5]. Moreover, 
the aspect ratio and the size of  natural wollastonite mineral are limited by the condition of  the deposits. If  
the wollastonite can be synthesized artificially and its aspect ratio and size can be checked, new applications 
such as fillers for engineering plastics and for bioactive materials with superior toughness will become 
possible [11].

There are three methods to produce wollastonite mineral at the present time. These three methods are 
wet method, liquid phase reaction method and solid state reaction method. Wet method is generally 
applied at low temperatures (less than 200°C) with high pressure. This method can be further separated to 
hydrothermal reaction, sol-gel processing and colloid emulsion technique. In liquid phase reaction method, 
starting mixtures are melted inside of  appropriate crucibles at a compound close to wollastonite together 
with other oxides such as boron oxide (B2O3) or sodium oxide (NaOH) to lower the melting temperature. 
The liquid is solidified, occasionally cast into thin layers, followed by different heat treatments [3]. Solid 
state reaction method is based upon the reaction of  silica (SiO2) with calcium carbonate (CaCO3) or calcium 
oxide (CaO) at high temperatures (above 800°C). These methods have some advantages and disadvantages. 
The highest-aspect-ratio wollastonite can be produced with the wet method among three methods. In liquid 
phase reaction method, high-aspect-ratio wollastonite powder can be produced. However, the working 
temperature is generally higher than 1400°C. In this case, the liquid phase is a mixture of  basic CaO and 
acidic SiO2 of  1:1 molar ratio, with some metal oxides added for various purposes. In solid state reaction 
method can be utilized different cheap raw materials such as calcite, silica fume (SF), natural siliceous 
carbonates, marble waste and tailing materials. However, these raw materials fail to produce acicular 
particles. For the solid state reaction method, formation of  wollastonite in the products is observed with 
XRD analysis. However, the wollastonite produced with this method does not show acicular shapes. When 
the aspect ratio of  produced wollastonite is not important, the solid state reaction method is most effective. 

SF, calcite, granulated blast furnace slag (GBFS) and marble powder (MP) are some of  the above mentioned 
waste materials. CaO, is one of  the most basic materials for the production of  wollastonite, is a mineral 
obtained by sintering of  CaCO3 (calcite). It is possible to find calcite formation in almost every region 
of  Anatolia. Especially, in the Nigde region in Turkey, there are calcite quarries that have a very rapid 
production increase in the last 10 years and these quarries have a reserve of  10 million tons. SF is a by-
product obtained from the industry that produces silicon metal or ferrosilicon [12]. SF has a consumption 
amount of  1 million tons in the world and this mineral is widely used as an additive material in cement 
and concrete [13]. Slags are wastes obtained as a result of  metallurgical processes such as the production 
of  metals or purification of  pure metals [14]. In United States, the iron and steel industry produces about 
18 million m3 of  slag each year [15, 16]. In Turkey, blast furnace slag can be obtained from only Eregli 
Iron and Steel Company about 550000 tonnes/year, and thousands tonnes of  slag waste for each year are 
stored in iron steel factories [16]. MP is production waste of  marble factories [17]. An average of  30% of  
the marbles processed in the marble factories occurs as production waste. It is known that marble blocks 
processed each year in Turkey are approximately 2200000 tonnes. Therefore,  it can be said that 660000 tons 
marble dust is discarded without the assessment  [17]. 

Waste materials mentioned above need to be evaluated especially in industries such as construction and 
building. In addition, these waste materials can be evaluated in the production of  wollastonites which can be 
used as cement substituting material in concrete/mortar in construction industry. Kalla et al. [9] highlighted 
that compressive strength and flexural strength of  concrete incorporating 10% wollastonite instead of  
cement  increased with respect to control mixture. In addition, wollastonite intensifies the microstructure 
of  mortars/concretes due to its filling effect and reduces the water absorption of  the material [18, 19].
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In this study, wollastonite mineral known beneficial effects on concrete/mortar were produced by using 
waste materials. In the production of  SW; QL, SF, GBFS, MP and sintered marble powder (SMP) were used 
as raw materials. SEM, XRF and XRD analysis were performed  to determine particle texture, chemical 
composition and patterns of  the produced SWs, respectively. According to results of  analysis, in addition 
to providing environmental benefit by using waste materials in the production of  SW, wollastonite can be 
produced and it can be contributed to the construction industry.

2. Methodology

In this study, four different SW were produced by using SF, QL, GBFS, MP and SMP. SW production was 
performed by using autoclave and sintering methods. This production method consists of  three stages. 
These stages can be classified as mechanochemical process, hydrothermal process and sintering process. 
SF was used as SiO2 source for all mixtures in the production of  SW, while QL, GBFS, MP and SMP were 
used as CaO source for SQ, SG, SM and SS mixtures, respectively. The mixtures were named using the 
initials of  their abbreviations. For example, the SQ mixture consisting of  SF and QL minerals was named 
using S from the SF mineral used as SiO2 source and the Q from QL mineral used as CaO source. The grain 
size distributions and XRF analysis of  these materials are shown in Figure 1 and Table 1, respectively. The 
CaO and SiO2 contents of  the mixtures were calculated as 1:1 mol with the aid of  XRF analysis. The waste 
material contents of  the four mixtures are listed in Table 2. The pure water contents used for all mixtures 
were determined with respect to the consistency of  the mixtures. The pure water contents and pure water/
total solids contents of  the mixtures are also presented in Table 2. The SMP used as CaO source in the 
IV mixture was obtained as a result of  sintering of  the MP in the ash furnace, which was set at 40 ° C per 
minute and waiting for 1 hour at 1000 °C.

Figure 1: Grain size distributions of  SF, QL, GBFS, MP and SMP minerals.

The mixtures prepared by using the mixing proportions given in Table 2 are shown in Figure 2. The 
mixtures were placed into the ball agate and the agate was placed in the ball mill. The ball mill was stirred for 
30 minutes at a speed of  250 RPM and mechanochemical process began. The obtained mixture was placed 
in autoclave by placing in teflon and waited for 48 hours at 200 °C. Hydrothermal autoclave technique, 
which provides the formation of  better crystal structure with moisture, pressure and temperature, forms 
the hydrothermal process part of  the production stage.
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Table 1: XRF analysis of  waste materials.

Chemical Analysis (%) SF QL GBFS MP SMP

CaO 0.547 91.259 38.834 46.151 78.601

SiO2 93.534 0.309 36.824 0.621 1.535

Al2O3 0.778 0.071 13.314 0.204 0.414

Fe2O3 0.881 0.104 0.727 0.148 0.245

MgO 0.794 1.725 5.648 7.636 17.919

SO3 0.113 0.434 0.562 0.116 0.152

K2O 0.995 0.007 0.777 0.020 0.050

Na2O 0.404 0.013 - 0.049 0.007

ZnO 0.012 - 0.001 - -

Mn3O4 0.060 - 1.170 - 0.009

Cr2O3 0.003 - 0.005 - -

V2O5 0.002 - 0.016 - -

P2O5 0.088 - 0.009 - 0.014

SrO - 0.047 0.058 0.027 -

BaO - 0.020 0.157 - -

CuO - 0.011 - - -

HfO2 - - 0.005 - -

ZrO2 - - 0.018 - -

TiO2 - - 0.761 0.024 0.116

Loss of  Ignition 1.930 5.500 1.920 45.000 0.900

Table 2: Mixing proportions.

Code Pure water (gr) SF 
(gr)

QL 
(gr)

GBFS 
(gr)

MP
(gr)

SMP
(gr) pw/s*

SQ 215.931 77.080 66.874 - - - 1.5

SG 182.147 8.856 - 173.291 - - 1.0

SM 52.700 19.250 - - 36.450 - 1.0

SS 46.480 11.010 - - - 12.230 2.0

*pure water/total solid content of  mixture
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                                          (a)                                                                            (b)

  
                                       (c)                                                                        (d)

Figure 2: Materials used in (a) SQ, (b) SG, (c) SM and (d) SS mixtures.

Autoclave was removed from the oven at the end of  24 hours and left to room temperature. When the 
autoclave was opened, tobermorite (calcium silicate hydrate mineral) was obtained. The tobermorite was 
ground and made ready for sintering. Approximately 250 grams of  ground tobermorite was placed in 
crucibles. The ash furnace was set to wait for 1 hour at 1000 °C, increasing by 40 °C/min. The sintering 
process forms the solid state reaction process of  SW production. The sintering process was completed in 
this way and SW presented in Figure 3 was stored in a sample bag in an environment away from moisture.

  
                                       (a)                                                                          (b)
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                                       (c)                                                                        (d)

Figure 3: SW produced with (a) SQ, (b) SG, (c) SM and (d) SS mixtures

3. Results and discussion

3.1 SEM
The SEM images of  SWs obtained from SQ, SG, SM and SS mixtures are presented in Figure 4. When 
the SEM analysis of  SWs was examined, no acicular structure was observed in SWs obtained from SQ, 
SG and SM mixtures. In the SW produced with SS mixture, a very limited number of  acicular particle 
structures were observed. In addition, the formation of  agglomerated particles was generally observed for 
all produced SWs. The differences of  chemical compositions of  SWs produced by using waste materials 
can be seen in Table 1. Although CaO and SiO2 were kept constant for all SW mixtures, the other elements 
in raw materials such as MgO and Al2O3 have been disrupted the purity of  CaO and SiO2. Therefore, it was 
seen that there is no directly acicular particle structure of  SWs. In addition, it was observed that the SiO2 
content in SF used as a source of  SiO2 in the production of  SWs is about 93% levels and not enough for 
the formation of  the acicular particle structure [20].

   
                                         (a)                                                                             (b)
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Figure 4: SEM images obtained from (a) SQ, (b) SG, (c) SM and (d) SS mixtures

3.2 XRF
The chemical composition results obtained from XRF analysis of  SW are listed in Table 3. According 
to the results, SWs produced with SQ, SG, SM and SS mixtures mainly includes CaO in the ratios of  
53.883%, 47.984%, 48.839% and 47.590% and SiO2 in the ratios of  42.857%, 34.514%, 40.786% and 
43.406%, respectively. These ratios obtained from the mixtures are similar to chemical composition of  
wollastonite found in various countries given in Table 4. In addition, because of  the different quantity of  
other elements found in raw materials, the content of  some elements of  the SWs were higher than that 
of  natural wollastonite. Therefore, as seen in SEM pictures, SWs obtained from waste materials could not 
show generally acicular particle structure.

 Table 3: XRF analysis of  SWs obtained from wastes. 

Chemical Analysis (%) SQ SG SM SS

CaO 53.883 47.984 48.839 47.590

SiO2 42.857 34.514 40.786 43.406

Al2O3 0.324 9.376 0.400 0.382

Fe2O3 0.666 1.119 0.710 0.687

MgO 0.970 - 7.076 5.914

SO3 0.343 1.147 0.261 0.210

K2O 0.667 0.949 0.645 0.523

Na2O 0.149 0.202 0.176 0.139

P2O5 0.074 0.026 0.060 0.065

TiO2 - 1.233 - -

MnO 0.067 1.451 0.047 0.044

Loss of  Ignition 0.800 1.000 0.880 0.500
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 Table 4: Chemical composition (%) of  wollastonite from several countries [9].

Chemical Analysis (%)  Finland USA India Kenya Mexico China

CaO   45 47 48 42 47 43-50 

SiO2 52 51 49 55 52 46-53

Al2O3 0.4 0.3 0.7 0.1 0.5 0.3-0.4

Fe2O3  0.2 0.6 0.4 0.07 0.2 0.1-0.2

MgO 0.6 0.1 0.06 0.8 0.08 0.2

K2O  0.01 NR 0.1 0.04 0.04 NR 

Na2O  0.1 NR 0.02 0.04 0.02 NR

TiO2 max. 0.05 0.05 Traces 0.01 0.06 NR

MnO max. 0.01  0.1 0.1 0.01 0.4 NR 

max: maximum; NR: not reported.

3.3 XRD

XRD patterns of  natural wollastonite and SWs obtained from SQ, SG, SM and SS mixtures are presented 
in Figure 5. 

Figure 5: XRD patterns of  natural wollastonite and SQ, SG, SM and SS mixtures.
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Large-sized peaks show alpha wollastonite and small-sized peaks show beta wollastonites in wollastonite 
graph as seen in Figure 5. When the patterns obtained from the XRD were examined, similar peaks with 
natural wollastonite were obtained from the SWs produced with SQ, SG, SM and SS mixtures. The similarity 
obtained from these results indicated that all the SWs produced in the laboratory are wollastonite. However, 
changes in small-scale peaks were observed due to chemical differences of  materials. In addition, these 
changes are due to the contents of  α-wollastonite and β-wollastonite between natural wollastonite and 
produced SWs [21].

4. Conclusions

In this study, wollastonite mineral has been produced synthetically with industrial waste materials. Results of  
SEM analysis demonstrated that SWs produced with only SS mixtures had acicular particle structure with 
very small amount. However, the other three SWs produced with industrial wastes did not show the acicular 
particles. Based on the XRD analysis results, all of  the SWs produced by using four different mixtures are 
wollastonite. In addition, XRF analysis of  SWs obtained from SQ, SG, SM and SS mixtures indicated that 
CaO and SiO2 ratios of  all SWs are similar to wollastonites in different countries of  the world. 
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Abstract 

Sewage sludge ash (SSA) contains the critical raw material phosphorous. Internationally, research is carried 
out on utilization of  SSA as secondary resource in concrete, bricks or lightweight aggregates; however, the 
high phosphorous content calls on recovery prior to such use. In the present investigation, phosphorous 
was recovered from SSA by electrodialytic separation (EDS) and the treated ash (SSA-EDS) was tested as 
clay substitute in brick manufacturing. For comparison, similar tests were conducted with SSA. The SSA 
had a reddish colour from a high iron oxide content. The SSA was milled to d50 = 37 µm prior to use as clay 
substitute (0-50%). During EDS, 85-91% phosphorous was recovered, the alkaline pH of  the SSA (10.2) 
was reduced to acidic (3.7), and the content of  iron oxides increased. The reference brick material was 
yellow. The colour turned increasingly reddish with increasing percentage of  SSA and especially SSA-EDS, 
and the reddish colour is seen as an advance. The clay contained about 17% carbonates, a major cause for 
firing mass shrinkage. As the carbonate content decreased with increasing clay substitution, the shrinkage 
mass did decrease accordingly. When fired at 1000 °C, all brick materials had apparent densities and open 
porosities within the range of  bricks used in the building industry. SEM micrographs showed that mixes 
with SSA-EDS fired at 1050 °C contained a glassy phase with isolated spherical pores, which may be related 
to the high hematite content of  SSA-EDS. The open porosity decreased with increasing substitution with 
SSA-EDS when fired at 1050 °C, the reversed order compared to firing at 1000 °C.

Keywords: Brick manufacturing, sewage sludge ash, secondary resources, clay substitute, phosphorous

1. Introduction

Sewage sludge incineration is extensively practiced in European countries such as the Netherlands, 
Switzerland, and Germany. Sewage sludge ash (SSA) is unavoidably formed and research is carried out 
internationally in order to valorise this waste product. One research line is to utilize SSA in construction 
materials. Most research has been conducted on the use as partly cement replacement in concrete [1-3], 
as partly clay replacement in clay bricks [4-5], or by itself, where it is utilized that SSA itself  can sinter 
and form new ceramic materials [7]. It is though important to recognise that SSA can be an important 
future secondary resource for phosphorous (P), and that the P is lost for recovery if  incorporated into 
construction materials. Recovery of  P from secondary resources is important, since P is a finite, essential 
resource, underlined by P being in the list of  critical raw materials for the EU [8]. The P concentration is 
generally high in SSA and can even be within the range of  economical grade phosphate rock [9].

Different techniques are under development for P recovery from SSA. A group of  techniques is based on 
wet extraction (mainly acid extraction). A major challenge with wet extraction is the simultaneous extraction 
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of  heavy metals and P, which requires a second step after the extraction, where P and heavy metals are 
separated. We have developed and patented a technology, electrodialytic separation (EDS), which is a one-
step process where P extraction and heavy metal separation occur simultaneously [10]. Recovery of  80-
90% P from SSA and simultaneous separation of  heavy metals has been obtained at laboratory scale. The 
produced P product has a low content of  heavy metals corresponding to the very low end of  commercial P 
fertilizers [9]. An SSA after EDS for P recovery (SSA-EDS) was previously seen to have potential as cement 
replacement in mortar [11]. At 20% replacement, the compressive strength decreased with 8% (out of  60 
MPa), and the mortar got an intense red colour, however, the workability was decreased and work needs to 
be done to improve this property. In the present paper, SSA-EDS is investigated used as partly replacement 
for clay in clay bricks. Clay, which after firing, result in the traditional red coloured bricks is becoming 
scarce in Denmark, as deeper in the quarrels, the Ca/Fe ratio determines the bricks to become yellow. In 
this investigation, it is suggested to use SSA both as replacement for the natural raw material (clay) with a 
secondary resource in brick manufacturing and as a colouring agent, which gives sought after red bricks. 
The aim is to investigate the properties of  brick material with different replacement percentages of  clay 
with SSA-ED (0-50%) and investigate the colour potential. The work consists of  two parts: (I) comparison 
of  SSA and SSA-EDS as clay replacement material and (II) influence of  firing temperature on the material 
properties when replacing clay with different percentages of  SSA-EDS.

2. Methodology

2.1 Materials
SSA was collected at the wastewater treatment plant Avedøre Spildevandscenter BIOFOS in Copenhagen, 
Denmark (February 2015). The sewage sludge was incinerated in a fluidized bed combustor at about 850 
°C. The plant treats wastewater from 255.000 person equivalents (PE). Phosphorous is removed from the 
wastewater through chemical precipitation with Fe, and due to the subsequent high content of  iron-oxides, 
the SSA has the characteristic red colour. The SSA was sampled as a mix of  electrofilter ash and bag filter 
ash (2%). The SSA was collected directly from the process line and stored in sealed plastic containers at 
room temperature. As SSA and SSA-EDS are quite coarse-grained compared to clay [11], the SSA was 
milled in a vibrating cup mill (FRITSCH – pulverisette 9) for 10 sec prior to being mixed into the clay in 
this investigation (Part I) or prior to EDS (Part II).

The clay used was from the brick manufacturer Wienerberger in Helsinge, Denmark. The clay was ready for 
use in the manufacturing of  yellow clay bricks when sampled for this investigation.

2.2 Characterization of  SSA and clay
Particle size distribution was measured using a Malvern Mastersizer 2000 with a dry SSA sample. The 
carbonate content of  the clay was determined volumetrically by the Scheibler-method and calculated 
assuming that all carbonate present is calcium carbonate. The pH was measured in a suspension of  1:2 
ash:distilled water after 1 hour of  agitation. Loss on Ignition (LoI) was found after 30 minutes at 550ºC. 
Solubility in water was evaluated: 50.0 g ash suspended in 500 ml distilled water and agitated for 1 min. 
After settling, the water was decanted. New 500 ml distilled water added. This was repeated so the ash was 
washed three times. Finally, the suspension was filtered and the ash dried at 105°C and weighed. The water 
solubility was measured in two replicates. The elemental concentrations of  Cd, Cr, Cu, Zn, P, S and K in 
SSA and SSA-DES were measured by ICP-OES after pre-treatment according to Danish standard (DS 259 
2003), where 1.0 g of  dry sample and 20.0 mL 7.3 M HNO3 were heated at 200 kPa (120 °C) for 30 min. 
The liquid was separated from the solid particles by vacuum through a 0.45 μm filter and diluted to 100 ml.
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2.3 EDS of  SSA for P recovery
The EDS for P recovery from SSA was conducted in a two compartment cell as described in [9] (figure 1). 
The SSA was suspended in distilled water in the anode compartment, and an electric current was applied to 
recover P and simultaneously remove heavy metals to have a clean P product. At the end of  the treatment, 
the recovered P is in the filtrate of  the anolyte and the solubilized heavy metals in the catholyte. Filtration 
separates SSA-EDS and the filtrate with the recovered P.

Figure 1: ED cell .  The ash is suspended in water in the anode compartment and a cation exchange 
membrane (marked as dotted line) separates the two compartments.

The experiments were conducted in a cylindrical cell. The length of  the anode compartment with SSA 
suspension was 10 cm and the length of  the cathode compartment 5 cm. The internal diameter of  both 
compartments was 8 cm. The cation exchange membrane was from Ionics. The platinum coated titanium 
wire electrodes (diameter 3 mm) were obtained from Permascand®) and the length of  the electrodes 
inside the cell was approximately 4 cm. A power supply (Hewlett Packard E3612A) was used to maintain a 
constant current of  50 mA. The specific parameters for the EDS process were chosen from the best results 
obtained in [9]: 25 g SSA (milled for 10 sec.) was suspended in 350 ml distilled water and 50 mA was applied 
for 6 days. The SSA was kept suspended by an overhead stirrer (RW11 basic from IKA). In the cathode 
compartment 500 mL 0.01 M NaNO3 adjusted to pH 2 with HNO3 was circulated. During experiments, pH 
was adjusted manually in the cathode compartment to between 1 and 2 daily with 1 M HNO3. At the end 
of  the EDS experiments, the suspension was filtered at atmospheric pressure and the SSA-EDS was dried 
at 105°C. The pH and contents of  Cd, Cr, Cu, Zn, P, S and K were measured in the SSA-EDS.

To have sufficient SSA-EDS for production of  brick discs, eight EDS experiments were conducted: 5 
experiments for part (I) and 3 experiments for part (II). It was previously shown [9] that repeatability of  
EDS results with the same SSA is high, and thus SSA-EDS from all the experiments within each part of  the 
investigation were mixed before analysing the chemical content of  selected elements. The brick discs were 
produced with EDS-SSA from the mixed samples.

2.4 Production and properties of  brick discs
Torres et al. (2009) [12] demonstrated that initial tests conducted on small-scale brick discs were a useful 
screening tool for selecting the best mixtures composition when incorporating wastes (from natural rock 
cutting and polishing) in clay to produce roof  tiles. In this paper, a similar approach was adapted, using the 
same disc size as described by Torres et al. (2009) [12], however, it is SSA or SSA-EDS, treated SSA, which 
is mixed into the clay. 

When mixing the clay material, 15 g dry blended clay and SSA/SSA-EDS was mixed with distilled water 
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by hand until a uniform mass with a good workability was obtained. The mass of  distilled water needed to 
obtain this state increased with increasing replacements. The liquid to solid (L/S) ratio in the reference mix 
was 0.25, which was the lowest, and L/S was highest for the mixtures with 50% replacement with SSA and 
SSA-EDS (about 0.50). The mixes were stored overnight in sealed plastic beakers. Discs were produced 
from about 2.5 g of  the mixes by uniaxial compression in a purpose built stainless steel die [13] placed in 
an Instron-6022. A load of  10 kN (equivalent to the forming pressure of  31.8 MPa) was applied. During 
the compression, water was pressed out of  the mixture. The green discs had a diameter of  2.0 cm and a 
height of  3.5 - 4 mm. The weight of  the unfired discs after compression (m0) were measured. The discs 
were dried at 105 °C for 24 h before the weights (m105°C) were measured again. From these measurements, 
the water content of  the unfired discs after the compression were calculated as (m0 – m105°C)/m0. The discs 
were fired at 950, 1000 or 1050 °C for 2 h in a Nerbertherm laboratory furnace, using an average heating 
and cooling rate of  6.0°C/min. 

Brick discs were prepared from different mixtures, see Table 1.

Table 1: Overview of  the clay replacement percentage and firing temperature for the produced clay 
brick discs

Replacement (wt%) 950°C 1000°C 1050°C

Ref 0 X X X

SSA

10 X

30 X

50 X

SSA-EDS

10 X X X

30 X X X

50 X X X

After cooling, the diameters were measured. Weights were measured as well, and the firing mass loss found:

Firing mass loss: ((m105°C - m1000°C)/ m105°C)*100%        (1)

The open porosity and density were determined. The discs were placed in a desiccator under vacuum 
for approximately 3 h. After 3 h, distilled water at room temperature was led into the desiccator, so that 
the discs were completely submerged. Vacuum was maintained for 1 h and hereafter, air was let into the 
desiccator and the submerged discs were left at atmospheric pressure overnight. The water-saturated discs 
were weighed in water (msw) and in air after wiping excess water of  the surface (msa). The different properties 
were calculated as:

Volume = V = (msa - msw)/ρw          (2)

Volume open pores = Vop = (msa – m1000 °C)/ρw        (3)

Dry mass density = m1000°C/(V – Vop)         (4)

Open porosity = ((msa – m1000°C)/(msa – msw)) *100%       (5)

Apparent density = ((m1000°C *ρw)/(msa – msw))        (6)

Where ρw (970 kg/m3) is the density of  water at room temperature

The firing mass loss was measured in 7 replicates. Dry mass density, open porosity and apparent density in 
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3 replicates.

3. Results and discussion

3.1 Characterization of  SSA (as received) and SSA-ED
The carbonate content of  the clay was 17.9 ± 0.4%. The grain size d50 for the SSA as received was 120 
µm, and after milling, the d50 was decreased to 37 µm. The LoI of  the SSA was very low (0.3 ± 0.005%) 
revealing a good incineration and following low mass loss from organic matter during firing of  the brick 
discs. The water solubility was 1.4%, representing soluble salts. Soluble salts in brickmaking raw materials 
is of  concern for manufacturers as they can cause a production fault known as “drier scum” [14], however 
the problematic range and type of  salts was not stated, and it is here considered that the content of  soluble 
salts in the SSA is in an acceptable level. 

The initial 25 g were reduced to 14-15 g during EDS, i.e. a mass reduction of  40%. The dissolution was 
due to acidification of  the SSA suspension from electrolysis at the anode. The pH of  SSA was 10.2, and 
the pH of  SSA-EDS was 3.7. Thus, the SSA was originally alkaline, while the ash became acidic after EDS. 
Table 2 shows the concentrations of  selected heavy metals and macro elements in the SSA before and after 
EDS in the two parts of  the experimental work. The heavy metal concentrations in SSA depend on the 
corresponding concentrations in the wastewater treated in the facility and do subsequently vary, however, 
the order in concentration reported (in mg/kg) is generally the same as here Cd < Cr < Cu < Zn [3], [13], 
[14]. 

The concentrations of  heavy metals and macro elements changed during EDS as seen in table 2. The 
removed percentage of  all these elements was thus slightly higher in the EDS experiments in part (II) than 
in part (I), which corresponds well to the mass reduction of  SSA, which was also slightly less in the part (I) 
experiments.

Table 2: pH and concentrations of  selected elements in SSA and SSA-EDS in the two batches in 
part (I) and (II)

Concentration (mg/kg) Concentration (g/kg)

Cr Cu Cd Zn K S P

SSA 40 ± 0.1 541 ± 14 2.2 ± 0.03 1986 ± 56 5.8 ± 0.2 6.1 ± 0.1 94.6 ± 3.1
SSA-EDS (I) 55 ± 0.5 395 ± 7.9 1.5 ± 0.09 1600 ± 37 3.7 ± 0.08 1.0 ± 0.01 25.4 ± 0.7
SSA-EDS (II) 45 ± 0.9 440 ± 15 0.8 ± 0.1 1890 ± 60 3.6 ± 0.2 0.6 ± 0.02 15.7 ± 0.6

The Cr concentration increased during EDS, showing that Cr was bound mainly in the least soluble fraction 
of  the SSA. The concentration of  all other chemical elements in table 2 decreased. When taking into 
account the total mass reduction of  40% (part I) and 45% (part II), the percentages of  these chemical 
elements remaining in the SSA-EDS were: 

Part (I): S (10%) < P (16%) < K (38%) < Cd (41%) < Cu (44%) < Zn (48%) < Cr (83%)

Part (II): S (6%) < P (9%) < Cd (19%) < K (34%) < Cu (44%) < Zn (52%) < Cr (62%)

The P concentration in this batch of  SSA is the same order (but in the lower end) of  concentrations 
reported for SSA from other batches from the same plant: 90 g/kg [3], 110 g/kg [9] and [15] 123 g/kg. The 
economic grade of  phosphate rock varies from 25% to 37% P2O5 [16] corresponding to 110–160 g P/kg 
phosphate rock. Thus, the concentration in the SSA batch 94.6 g P/kg SSA was only slightly less than the 
mined natural ores. In the EDS experiments of  the present investigation 91% and 84% P was recovered in 
the experiments of  part (I) and (II), respectively, which is in the same range as reported in [9], [17] in similar 
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EDS experiments. Kappel et al (2018) [11] reported concentrations as oxides measured by XRF in SSA and 
SSA-EDS from the same incineration plant: the contents of  SiO2 and Fe2O3 about doubled during EDS 
(from 18.6% to 39.4% SiO2 and 15.75 to 27.3% Fe2O3), while the content of  Al2O3 was reduced slightly 
from 8.3 to 6.6 %. Similar concentration ranges are expected in the SSA and SSA-EDS of  the present 
investigation.

On the basis of  the XRD analysis, Kappel et al (2018) [11] identified of  the minerals quartz, feldspar 
and hematite in SSA and SSA-EDS. Cheeseman et al (2003) [7] reported quarts, whitlockite (calcium 
magnesium phosphate mineral) and some hematite in an SSA from UK, and Anderson (2002) [18] quartz, 
calcite, hematite, anhydride, feldspar and glassy phase ~70% in another SSA from UK. Thus, quartz and 
hematite were identified in all three ashes. The high concentration of  hematite is due to the use of  iron 
salts to precipitate P in the wastewater treatment facility. Other facilities use mainly Al salts and this strongly 
influences the chemical properties of  the SSA [10], [19]. Thus, caution must be taken when generalizing 
results on utilization SSA in brick production, as the characteristics in the SSA varies, which must be 
expected to influence the brick quality. Significant changes in specifications carries a potential risk for 
production problems during brick manufacturing [14]. Thus, attention must be given to the characteristics 
of  the specific SSA, when evaluating how and if  it is best utilized in brick manufacturing.

3.2 Properties of  brick discs

3.2.1 Colour of  brick discs
The original yellow colour of  the reference discs changed towards more red colours with increasing 
replacement of  clay with SSA and SSA-ED, see figure 2. The red colour was more intense for the brick 
discs with SSA-EDS than for the corresponding discs with SSA, most clearly seen for 30% replacement. It 
is the higher content of  iron oxides in SSA-EDS, which give this difference. The discs fired at 1050 °C and 
at replacements of  30% and 50% clay with SSA-EDS were significantly darker than the discs with same 
replacement but lower firing temperature. The red colour obtained at 30% replacement and 1000 °C was 
similar to traditional Danish red bricks.

3.2.2 Water content of  discs after pressing

The water content of  the green discs after pressing and before firing is ahown in table 3. There is no 
significant difference in water content between the discs with SSA and SSA-EDS within each substitution 
percentage when considering the standard deviations. The water content increased with increasing 
substitution with SSA or SSA-EDS. The SSA particles are porous [10], [14] and thus they can absorb water, 
which will increase the overall water content.

Table 3: Water content of  unfired discs after pressing

Ref 10% 30% 50%

SSA
9.4 ± 0.6

10.2 ± 0.5 14.6 ± 3.1 15.2 ± 0.7

SSA-EDS (I) 10.3 ± 0.6 12.6 ± 1.2 16.2 ± 1.7

SSA-EDS (II) 9.8 ± 0.9 10.6 ± 0.6 13.6 ± 0.5 16.8 ± 0.8

3.2.3 Comparison of  brick discs with SSA and SSA-EDS

The firing mass loss decreases with increasing percentages of  SSA and SSA-EDS mixed into the clay (figure 
3). The decreasing firing mass loss with increasing clay replacement with SSA is in consistency with what 
was reported by [4]. Firing mass loss can be due to removal of  chemically bound water and volatilization 
of  compounds within the brick [4]. The decomposition of  CaCO3 in the clay is a major contributor to the 
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shrinkage mass decrease. At increasing clay substitutions with SSA and SSA-EDS, the CaCO3 content in the 
mix decreases, and following the shrinkage mass.

Figure 2: Colours of  the brick discs in the investigation

The shrinkage mass decreases linearly with the clay substitution from 0-50% with SSA (R2 = 0,9995) and 
from 10-50% replacement with SSA-EDX ((R2 = 0,9996), (figure 4). The linear relation between shrinkage 
mass and percentage of  clay substitution with SSA-EDS does not include the reference. This is likely due to 
the acidic nature of  SSA-EDX, which dissolves a small fraction of  the carbonates in the clay when mixing. 
Thus, the carbonate content in the reference discs is higher than the background of  carbonates in the discs 
with SSA-EDS. In addition, the carbonate content decreases relatively more with increasing percentage 
of  SSA-EDX and thus the gradient differs from the one for SSA. The firing mass loss is smaller for the 
discs with SSA than for those with SSA-EDS even though the carbonate content is considered slightly 
higher in the discs with SSA. This indicates that there are phases contributing to the firing mass loss, which 
concentrate in the ash during EDS. Hematite can dissociate and form gas at temperatures as low as 1000 
°C [20], and the higher hematite concentration in SSA-EDS than in SSA can be contributing to the higher 
firing mass loss for discs with SSA-EDS.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

742

IC
SBM

 2019
ID

 064 Figure 3: Firing mass loss as function of  replacement percentage

Figure 4 shows the apparent density, density of  the solid mass and open porosity the discs in Part (I), all 
fired at 1000 °C. The apparent density decreases, whereas the density of  the solid mass and the porosity 
increases with increasing replacement of  clay with SSA and SSA-EDS. 

Figure 4: Properties of  brick discs fired at 1000 °C with SSA or SSA-ED: (a) apparent density, (b) 
density of  the solid mass, and (c) open porosity. 
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The discs with SSA had higher apparent density and lower porosity than the discs with SSA-EDR. The 
decrease in apparent density is in consistency of  what was reported by [4].  Apparent densities of  clay bricks, 
which are used in the building industry, are in the range of  1610–2120 kg/m3 [21] and open porosities in the 
range of  19–39 vol% [21]. Both apparent density and porosity of  all the brick discs in figure 4 are within 
these ranges, though the parameters are close to the upper and lower limit, respectively, in regards to the 
discs with 50% SSA-EDS. This is encouraging; however, it must be taken into consideration that this result 
cannot be transferred directly to the manufacturing of  bricks for the building industry, as the manufacturing 
of  the small brick discs differs from the procedures at brickworks. 

Summing up, the properties of  the brick discs are different when SSA-EDS is used as clay substitute instead 
of  SSA. The firing shrinkage mass decreases, whereas the open porosity apparent density and dry mass 
density increases. Of  major importance to the differences are probably the acidic nature of  SSA-EDS and 
the increased hematite content. In accordance to the properties included in this investigation, all the brick 
discs have properties as brick used in the building industry.

3.2.4	 Properties	of 	brick	discs	with	SSA-ESD	fired	at	different	temperatures	
Figure 5 shows the firing shrinkage at 950 °C, 1000 °C and 1050 °C for the different clay/SSA-EDS mixes 
in part (II) of  the investigation. The differences in firing shrinkage between the three temperatures within 
each substitution percentages are very small. On the contrary, the firing shrinkage is highly dependent on 
the replacement percentage. The more SSA-EDS, the lower firing shrinkage, which is likely due to the 
decreasing content of  CaCO3 as discussed in paragraph 3.2.3.

Figure 5: Firing shrinkage for brick discs with different replacements of  clay with SSA-EDS and 
different temperatures.

The open porosity of  the discs with SSA-EDS is seen in figure 6. It is evident that the porosity is highly 
influenced by the firing temperature between 1000 and 1050 °C. Until 1000 °C the porosity slightly increases 
with increasing clay replacement and at 1050 °C the order is reversed causing a significant decrease in open 
porosity. A similar finding was reported by [4], who reported that the cold water absorption for bricks with 
clay/SSA mixes had increasing water absorption with SSA content when fired at 1040 °C and the order 
was reversed at 1120 °C. The shift was thus found to be between 1000 °C and 1050 °C in the present 
investigation and between 1040 °C and 1120 °C for another SSA by [4], i.e. the general temperature for the 
shift may be in the range of  1040 °C and 1050 °C. The open porosity for the discs with 30 and 50% clay 
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substitution with SSA-EDS (12.5% and 23.6%) is lower than the range of  19–39 vol% stated for bricks 
used in the building industry by [21]. The firing temperature of  1050 °C must be considered too high for 
firing clay bricks with 30-50 % replacements with SSA-EDS.

Figure 6: Open porosity of  brick discs with different replacement percentages of  clay with SSA-
EDS and different temperatures. 

Figure 7 shows SEM micrographs of  a fracture surface of  a reference disc and a disc with 50% clay 
replaced with SSA-EDS, both fired at 1050 °C. The disc with SSA-EDS had a glassy-like phase, which was 
not seen in the reference disc (figure 7a and 7b). This is in accordance to Anderson (2002) [18], who also 
saw a glassy phase when firing clay and SSA at 1050 °C. 

This indicates that EDS did not remove the compounds present in SSA involved in this vitrification. The 
glassy-like phase in the disc with SSA-EDS had isolated pores of  about 5-15 µm with an almost spherical 
shape (figures 7b and 7d). The same pattern with a sintered phase and isolated pores was not seen in the 
reference disc. Cheeseman et al. (2003) [7] studied sintering of  100% SSA and found that at 1040 °C, a 
relatively low-density material, which appeared to be hard and well sintered with a glassy surface. A SEM 
micrograph of  the fracture surface showed that the matrix contained a significant volume of  isolated, 
approximately spherical pores, typically 20-30 µm [7]. 

This finding is similar to the one in the present investigation. The isolated, spherical pores are likely 
formed by bloating, which is the phenomenon utilized in the production of  lightweight aggregates. Two 
conditions necessary for bloating, which have long been recognized are (1) that a material must produce a 
high temperature glassy phase with a viscosity high enough to trap a gas and (2) that some substance must 
be present that will liberate a gas at a temperature at which a glassy phase has formed [20]. Riley (1951) 
[20] found that pyrite, hematite and dolomite provide the constituents necessary to cause gas evolution at a 
temperature high enough (>1000 °C) for the bloating to take place. As hematite is a major mineral in SSA-
EDS [11], it is likely that hematite took part in the bloating of  the sintered phase seen in figure 7b and 7d. 
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Figure 7: Fracture-face of  morphology of  discs fired at 1050 °C (a) reference disc and (b) disc with 
50% SSA substituting clay (Same magnification), and high magnification (c) reference disc and (d) 
disc with 50% clay substitution with SSA (see scale at the lower bars the SEM micrographs).

Anderson (2002) [18] also reported formation of  a glass phase when firing a clay/SSA mixture (5% SSA) 
at 1050-1070 °C and a decrease in porosity (measured as water absorption). As the glassy phase develops, 
it draws the particles closer together, thereby reducing the internal packing voids thus making the product 
les porous [18]. This explanation may be underlined in the present investigation by the decreased diameter 
for the discs with 30% and 50% SSA-EDS fired at 1050 °C, which were about 0.4 and 0.8 mm (out of  the 
20 mm), respectively. All other discs kept the initial diameter (±0.2 mm) after firing.

Very small particles (<2 µm) were caught in the sintered phase (figure 3d). Whether these particles are 
crystalline or amorphous was not determined. They might be crystalline since Cheeseman et al. (2003) 
[7] reported that sintering of  100% SSA indicated that no significant crystalline transformations occurred 
during sintering and that the original crystalline phases quartz, calcium magnesium phosphate and some 
hematite was identified by XRD both before and after firing at 1040 °C. 

4. Conclusions

Electrodialytic separation (EDS) for recovery of  phosphorous from sewage sludge ash (SSA) changes 
the overall composition of  the ash. When used as clay substitution in brick making, major important 
changes in SSA characteristics were seen from EDS. Of  major importance is considered, that the hematite 
concentration increases during EDS reaching levels of  about 25 wt%. The hematite content gave a reddish 
coloured brick material (the reference material from firing clay was yellow), and the colour change was most 
intense for SSA-EDS. The hematite also caused formation of  a glassy-like phase with closed, spherical 

(b)(a)

(d)(c)
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pores when discs were fired at 1050 °C. This glassy-like phase strongly influenced the open porosity of  
the material. When fired at 1000 °C, the open porosity slightly increased with increasing clay substitution 
with SSA-EDS, whereas at 1050 °C, the order was reversed, and the open porosity decreased significantly 
with increasing SSA-EDS content. The overall open porosity of  the brick material decreased to 12.5 and 
13.6 %, when 30 and 50% clay was replaced with SSA-EDS and the mix was fired at 1050 °C. These 
porosities are low and outside the levels of  generally used bricks. When fired at 1000 °C, the same mixes 
gave open porosities within the general range. From this investigation, it can be concluded that SSA-EDS 
can potentially be used in brick manufacturing similarly to SSA, however, attention must be given to the 
firing temperature at higher substitutions due to the increased content of  hematite, which here strongly 
influences the brick properties.
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Abstract

Fluidized bed combustion (FBC) is an efficient, environment-friendly, and commonly used combustion 
method. Unlike the traditionally used pulverized coal combustion (PCC) technology, FBC has less SOx 
and NOx emissions because of  its lower burning temperature (800–900 °C vs. 1300–1700 °C) and in situ 
capturing of  SO2 via direct reaction with Ca-based sorbents during the firing process. In addition to this, 
FBC technology can utilize mixture of  low-grade fuels that have fluctuating quality, composition, and 
moisture content, which however causes challenges to utilize produced fly ash. On the other hand, cement 
industry has pressures to decrease CO2 emissions and therefore different cement substitutional industrial 
side streams has been studied intensively. PCC fly ash as a cement replacement material is already widely 
studied and adopted by the concrete industry to partially replace cement produced from traditional raw 
materials. However, since energy industry is all the time increasing the usage of  renewable energy sources 
(biomass and wastes), it is reasonable to study fly ashes originating from the combustion of  these fuels. 
The use of  FBC fly ash as cement replacement material is one promising way to utilize these fly ashes: 
They have pozzolanic and self-cementitious property, which means that they react with cement and water. 
FBC fly ashes react also alone with water to produce cement-like reaction products. Also alkali-activation 
is promising method to utilize FBC fly ashes as a light-weight aggregates, for instance. Nevertheless, there 
is a lack of  standardization for the use of  FBC fly ash in construction. Current US (ASTM C 618) and 
European (EN 450-1) standards governing the use of  fly ash as a mineral admixture in concrete do not 
contain the utilization of  FBC ashes. However, it can be expected that in the future standards will cover 
also FBC and/or biomass fly ashes fulfilling the standard requirements. Fly ashes originating from biomass 
and waste combustion do not often meet the standard requirements because they may contain excessive 
amount of  sulphate, chloride and lime, for instance. This study presents different treatments to improve 
fly ash quality to fulfil the standards and to improve their mechanical strength. These treatments can be 
mechanical or chemical: grinding, sieving, classification and chemical additives. 

Keywords: classification, fluidized bed combustion, grinding, sustainable binder utilization, waste.
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Abstract

Future depletion of  supplementary cementitious materials, such as coal fly ash, causes a need to investigate 
alternative materials for the production of  blended cements. Utilizing mine tailings has previously proved 
suitable as a potential chemical and physical contributor in cement-based building materials. The novel 
utilization of  mine tailings must however not compromise on the environmental impacts caused by the use 
of  metal enriched waste materials. This study investigates the toxic risk of  mine tailings utilized as partial 
cement replacement in cement-based building materials according to leaching of  metals. 

The study tested 8 different mine tailings samples used as 5% by weight of  the cement content in mortar 
specimens along with a reference mortar sample. The leaching potential (total digestion) was compared to 
the leaching behaviour (leach batch tests) of  crushed mortar specimens with 5% cement replacement for 
metals prone to pose a health risk (Cd, Ni and Pb). Total digestions and leach batch tests on crushed mortar 
specimens were carried out 1 month (2017) and 1 year (2018) after curing to determine metal stabilization/
solidification as a function of  time. 

The results from the leaching potential (total digestion) showed 2 out of  8 mine tailings samples used as 
partial cement replacement to exceed the Danish metal levels recognized to pose a potential environmental 
risk when incorporated in construction materials for Cd and Pb. Except for MT6 for Pb, leaching behaviour 
(leach batch tests) was lower than the leaching potential for all metals and mine tailing samples. Except 
for Pb in MT6 and MT8, high leaching potential did not correspond to high leaching behaviour since all 
samples showed similar leaching behaviour. For all metals and mine tailings samples, leaching behaviour 
decreased markedly over time from 1 month to 1 year of  curing. The reference sample showed lower or 
similar leaching potential and behaviour as the mortar samples with mine tailings. 

The results of  the study support previous findings of  metal fixation as the alkaline cementitious environment 
in cement-based building materials showed to stabilize metals in the cement matrix according to time. It 
was shown, that metal enriched mine tailings samples do not differ markedly from the reference samples 
in leaching potential or leaching behaviour. The study also showed that except for Pb, the metal leach 
behaviour was not determined by the leaching potential of  the tailings. 
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This could indicate that other physicochemical characteristics of  mine tailings affect the release of  metals. 
This study thereby provides useful preliminary information to a better understanding of  binding and 
leaching processes of  waste materials as a component in cement-based materials. 

Keywords: Mine tailings, cement replacement, metal leaching test, stabilization/solidification 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

751

IC
SB

M
 2

01
9

ID
 0

86

Carbonation of  recycled concrete 
aggregates: the effects of  carbonation 
conditions on key aggregate properties 

A. Gholizadeh-Vayghan1,2, A. Bellinkx1,3, R. Snellings1

1Sustainable Materials Management, VITO; 200 Boeretang, Mol, Belgium

2K. N. Toosi University of  Technology; 1346 Valiasr St, Tehran, Iran

3Faculty of  Engineering Technology, University of  Hasselt; 42 Martelarenlaan, Hasselt, Belgium

Abstract 

Concrete is the most frequently used material in the construction sector, which generates massive amounts 
of  residues each year due to demolition. A major challenge with the reuse of  recycled concrete aggregates 
(RCA) in making new concrete is the presence of  hydrated cement residues on RCA surface and bulk, 
which leads to high water absorption and an inferior transition zone. Carbonation is known to have positive 
effects on the surface properties of  RCA as it converts the portlandite present to calcium carbonate resulting 
in a lower porosity and better surface characteristics. In this research, the effects of  carbonation conditions 
(namely CO2 pressure: 1-5 bars, temperature: 20-60 °C, time: 1-4 hours, and relative humidity of  the 
carbonation atmosphere: with and without buffering to saturation) on the apparent particle density, water 
absorption, and wear resistance of  RCA is investigated. RCA samples are produced by crushing hardened 
concrete with known composition after curing for four weeks. Two moisture conditions are generated in 
RCA prior to carbonation: 1- “Wet”: where the RCA is soaked in water for a prolonged duration of  time, 
and 2- “Seasoned”: where the RCA is stored at 95% relative humidity for 48 hours prior to testing.

The results suggest that regardless of  the carbonation settings, carbonation under “Wet” conditions 
leads to no meaningful drop in water absorption or wear resistance, which is concluded to be due to 
lack of  CO2 uptake in the presence of  moisture. The “Seasoned” RCA also showed no potential for 
carbonation when the chamber humidity level was boosted to water vapor saturation. However, “Seasoned” 
RCA showed significant potential for carbonation and thus drop in water absorption if  the humidity of  
the carbonating environment is not boosted. CO2 pressure showed positive effects on the carbonation 
outcome of  “Seasoned” RCA. While the water absorption of  such RCA carbonated at 1 bar was found to 
be approximately 4.4±0.8% less than that of  untreated RCA, 18.0±1.8% drop in the same parameter was 
observed when the CO2 pressure was raised to 5 bars.

Keywords: Recycled concrete aggregates, Carbonation, Preconditioning, Water absorption, Wear resistance

1. Introduction

The construction and demolition industries are accountable for the largest portion of  anthropogenic 
residues in the European Union (25-30% of  the total wastes generated) [1] with rapidly growing figures 
as existing infrastructure approaches the end of  their service lives. While nearly 450 million tons of  such 
waste is produced each year in the European Union [2], it remains to be the least recycled waste (25-30% 
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recycle rate) in this region [3]. Of  particular importance is concrete, which is by far the most frequently 
used construction material with immense amounts of  residues generated every year due to demolition of  
buildings and infrastructure. Due to its limited life cycle, all of  the produced concrete eventually has to be 
demolished. The common practice of  concrete recycling involves crushing steps to convert the concrete 
rubbles to smaller granules [4] (referred to as recycled concrete aggregates: RCA’s). RCA is commonly used 
as road base material or partial replacement for the coarse aggregates in new concrete mixtures. Only 30% 
of  the demolished concrete is reused in such applications within the European Union [3] while the rest is 
landfilled. Aside from the very low recycling rate (compared to countries such as U.S. and Japan: 82% and 
80% recycling rate, respectively), it is used in lower-grade applications, which do not portray a sustainable 
development model at the long term. With the growing environmental concerns and scarcity of  landfill 
spaces, it is imperative to advance the state of  knowledge and practice to enable closed-loop recycling of  
demolished concrete.

RCA is generally known for its inferior physical and mechanical properties. In their review paper, Shafiuddin 
et al. [5] concluded that in comparison with normal concrete aggregates, RCA has significantly higher water 
absorption (3-12%), lower abrasion and impact resistance (reportedly up to 45% and 25%, respectively), 
and results in lower RCA concrete slump, greater slump loss over time (up to 50% more), and up to 50% 
and 60% more drying shrinkage and creep, respectively. Part of  the reason for the sub-par performance 
of  RCA is the presence of  hydrated cement paste in the grains. The high porosity of  the adhering cement 
paste is the driving force for high water absorption and high shrinkage when used in new concrete [6]. 
The drawbacks of  conventionally produced RCA are not limited to fresh properties of  concrete. The 
compressive strength of  concrete incorporating RCA can be up to 25% less than that of  normal aggregate 
concrete depending on the quality of  RCA [5]. The inferior mechanical properties are attributed to the 
formation of  a weak ITZ between the old and new cement paste [6]. As such, lowering the porosity or 
water absorption capacity of  the adhering cement and strengthening its surface hardness can result in 
considerable enhancement in the performance of  RCA in concrete.

With the knowledge that has been developed on portland cement, researchers have proposed different 
methods to improve the surface properties of  RCA. Surface coating of  RCA with a pozzolanic slurry [7,8,9], 
poly-vinyl alcohol polymer [10], and water glass [8] have been explored in the past with satisfactory results. 
Shi et al. [6] reviewed different RCA treatment techniques reported in the literature and concluded that 
carbonation is an efficient and environmentally friendly method for enhancing the properties of  RCA.

Indeed, carbonation is gaining more attention among researchers due to its positive influences on the 
physical and mechanical properties of  the hardened cement matrix, ease of  application, and environmental 
implications. The presence of  portlandite and C-S-H in the hardened cement paste makes it prone to 
carbonation, which is followed by some 10% increase in volume of  portlandite. This is because the resultant 
of  carbonation (CaCO3) has a molar volume of  36.9 cm3/mol while that of  the reactant (Ca(OH)2) is 33.5 
cm3/mol. Carbonation also leads to an increase in the mechanical strength of  the old cement matrix [6,11]. 
Numerous publications on the subject of  carbonation of  RCA can be found in the literature with the 
aim of  improving the water absorption and mechanical properties of  this material. Zhao et al. reported 
an average of  about 30% drop in water absorption of  RCA after storing in an accelerated carbonation 
room [12]. Zhan et al [13] reported a 16.7% drop in water absorption of  RCA after exposure to accelerated 
carbonation settings (low relative humidity (RH), 10 kPa CO2 pressure, and an ambient temperature of  23 
°C). Zhang et al. [14] reported 23-28% drop in such parameter after carbonating aggregates at 20 °C, 60% 
RH and 20% CO2 concentration (results varied depending on aggregate type). Considerable improvements 
in the mechanical properties of  RCA (e.g., aggregate crushing value, impact value and Los-Angeles abrasion 
value) as a result of  carbonation has also been reported [5,11,12].
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A number of  factors seem to have an effect on the above properties of  RCA. The CO2 pressure, ambient 
temperature and relative humidity, carbonation time, and aggregate moisture condition appear to be the 
governing carbonation factors. Most of  the existing literature lends itself  to the investigation of  carbonation 
under ambient or close to ambient atmospheric pressure while a research by Shi et al. [6] suggests that if  
CO2 pressure exceeds 0.5 MPa, the strength development will be insignificant. The authors suggested that 
this is probably because the strength obtained through carbonation of  portlandite is counteracted by the 
deterioration of  the C-S-H structure. Junior et al. [15] reported a decrease of  as much as 51% in strength of  
concrete after prolonged exposure to 20% CO2 environment. As such, it appears that the CO2 pressure and 
carbonation time should be chosen carefully to only carbonate the portlandite. A full in-depth carbonation 
of  both portlandite and C-S-H might result in excessive increase in volume and loss of  structural integrity. 
As such, it might be beneficial to limit the carbonation to the outer surface of  RCA in order to limit the 
volumetric expansion and avoid any damage to the cement matrix in recycled aggregates. If  the aggregates 
are fully wet during carbonation, the carbonation depth will probably be limited to the outer crust. The 
resulting increase in the volume of  precipitate on the surface may significantly lower the permeability of  
RCA causing a considerable drop in water absorption.

Unfortunately, no systematic research quantifying the effects and interactions of  such factors on the physical 
and mechanical properties of  RCA can be found in the literature. The notion of  crust carbonation is not 
dealt with in the past and there seems to be a need for further research with a focus on this topic. The present 
paper investigates the effects and interactions of  aggregate preconditioning (moisture condition), ambient 
relative humidity, CO2 pressure, ambient temperature, and carbonation time (referred to as variables) on 
the apparent particle density, water absorption and resistance to wear (referred to as response parameters) 
of  laboratory-made RCA. The objective of  this research is to first quantify and evaluate the statistical 
significance of  the above variables on each response parameter and then find the ideal carbonation settings.

2. Methodology

A base concrete mixture is first produced, cast and moist cured for production of  RCA. After four weeks, 
the concrete is crushed using a jaw crusher in different steps to generate aggregates with gradation similar 
to that of  starting granules. The >3 mm fraction is tested for its water absorption and wear resistance and 
then subjected to 10 different carbonation conditions for the above five variables each tested in two levels 
in an adaptive factorial design of  experiments. The carbonated RCA specimens are then tested for the same 
properties and the results of  each experiment is used in deciding on the next carbonation settings. The ideal 
combination of  variable levels for maximum drop in water absorption is finally determined.

2.1 Materials
CEM I 52,5 N is used as the source of  portland cement in making the base concrete. 0/3 GF85 siliceous 
river sand, 2/7 GC90/15 and 7/14 GC85/20 limestones are also used as the sources of  fine aggregates, 
small and large coarse aggregates, respectively. Table 1 shows the mixture proportions of  the base concrete. 
A high effective water-to-cement ratio of  0.57 is chosen to promote high water absorption by RCA and to 
ensure the applicability of  the research findings to extreme situations where extra water is added to concrete 
to help mixing and compaction.

Table 1: Mixture proportions of  the base concrete

Cement Water 0/3 sand 2/7 limestone 7/14 limestone

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

360 205 535 535 710
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Figure 1 shows the sieve analysis results of  the fresh aggregates. The physical properties of  aggregates are 
also listed in Table 2. It is observed that the water absorption of  2/7 and 7/14 aggregates are below 1.0% 
while that of  the 0/3 river sand is no more than 0.37%. The surface wear resistance of  7/14 limestone 
is also tested in accordance with EN 1097-2 (micro-Deval resistance to wear), which was found to be 
16.0±0.52%. The reported value, often referred to as the micro-Deval factor, shows the mass percentage 
of  the aggregates worn out during the test, indicated by the passing of  the 1.6 mm sieve. Note that the 
reported error margins all pertain to 90% confidence interval (i.e., 4.46×standard deviation) throughout 
the paper.

Figure 1: Sieve analysis results of  fresh aggregates

Table 2. Physical and mechanical properties of  fresh aggregates

Aggregate Saturated surface dry density Water absorption Micro-Deval factor

kg/m3 (%) (%)

7/14 2686 0.64 16.0±0.52

2/7 2665 0.82 NA

0/3 2642 0.37 NA

2.2 Methods
The base concrete mixture is sealed cured for 4 weeks and tested for its compressive strength. The mixture 
showed a slump of  18 cm and a 28-day compressive strength of  57.6 MPa (three 15cm×15cm×15cm cubic 
specimens) when tested per EN 12350-2 and EN 12390-3, respectively. The remaining moulded concrete 
is crushed by first crushing to <9 mm rubbles using a hand-driven point-press hydraulic jack, and further 
crushing to aggregates using a laboratory jaw crusher. The crusher opening is first set at 10 mm opening 
and all rubbles are passed through. Next, the resulting grains are crushed once more at 8.5 mm opening. 
This was found to yield aggregates with satisfactorily low flaky/needle-shaped grains and a particle size 
distribution similar to those of  the starting aggregates.

The obtained RCA is screened for the passing of  3 mm as the fines often show excessively high cement 
content and water absorption capacity. The literature is consistent in reporting the poor performance of  
fine RCA especially in high dosages [6,16,17]. As such, the experimental program is geared towards 
studying the effect of carbonation on the properties of the >3 mm fraction. The test fractions 
are then washed, dried and stored for carbonation procedures. 

A 2-level adaptive factorial design of  experiments (DoE) is deployed for studying the effects of  aggregate 
Moisture condition (“Wet” or “Seasoned”), Relative humidity of  the carbonation atmosphere (with or 
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without boosting to saturation; referred to as “Boosted” or “Not boosted”), CO2 pressure (“1 bar” or “5 
bars”), Temperature (“20 °C” or “60 °C”), and carbonation Time (“1 hour” or “4 hours”). Table 3 shows 
how the two levels of  each variable are realized.

Table 3: Detailed description of  carbonation parameters

Variable Acronym (unit) Level Description

Moisture 
condition

MC (-)

“Wet”
The aggregates were soaked in water for one 
week before carbonation. Drained on sieve 1 
mm for 10 minutes before carbonation.

“Seasoned”
The aggregates were first dried at 80 °C for 1 
day and then placed inside a climate chamber 
set at 95% relative humidity for 48 hours.

Relative humidity RH (%)
“Boosted”

500 ml of  water was placed inside the 
chamber 2 hours before carbonation.

“Not-boosted” The above step was not taken.

CO2 pressure PCO2 (bar)

“1 bar” Rapid increase from ambient CO2 pressure 
(~0 bars) to the test level in the carbonation 
chamber“5 bars”

Temperature T (°C)
“20 °C”

Tests were run at 20±3 °C ambient 
temperature.

“60 °C”
Aggregates and CO2 chamber were preheated 
to 60 °C before carbonation.

Time t (hours)
“1 hour” Pressure maintained at the maximum specified 

value for the specified duration.“4 hours”

The list of  variables in Table 3 is considered to include all potentially influencing variables on RCA 
carbonation. Each recipe of  carbonation is initiated by first soaking or seasoning representative RCA 
samples as described in Table 3. Next, the aggregates and the carbonation chamber are brought to the 
test temperature two hours before the test. A nylon tray containing 500 ml of  water is placed inside the 
chamber in the case of  “Boosted” experiments two hours in advance. The aggregates are then placed 
inside the chamber and the carbonation is initiated by quickly injecting CO2 into the chamber to achieve 
the designated CO2 pressure. The pressure is preserved at that level for the specified time and finally the 
chamber is flushed with nitrogen for 2 minutes. Upon completion of  carbonation, the aggregates are taken 
out and dried at 80 °C for 24 hours to remove all the water trapped or generated during carbonation. Next, 
they are soaked in water for 24 hours and tested for their apparent particle density and water absorption 
in duplicates per EN 1097-6. Then, the 10-14 mm fraction is sieved and extracted for micro-Deval test for 
resistance to wear in accordance with EN 1097-2 (two samples tested). The passing of  sieve 1.6 mm after 
12,000 revolutions is sieved, washed, dried, and weighed. The mass ratio of  such portion to the initial mass 
is reported as the micro-Deval factor of  the carbonated RCA.

The test conditions are initially chosen as follows (which were thought to be the best carbonation conditions 
to start with): “Wet” aggregates under “Boosted” RH, carbonated at “1 bar” CO2 pressure for “1 hour” 
at “20 °C” temperature. The said conditions are referred to as Exp. 1 in Table 4. In the next experiment, 
the pressure is raised to 5 bars to see the effect of  CO2 pressure (Exp. 2). These two experiments are 
then repeated at 60 °C to explore the effect of  temperature (Exp. 3 and Exp. 4). As later discussed in the 
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results section, the unsatisfactory results led the authors to dial back the temperature to 20 °C and instead 
investigate the outcome of  carbonation under “Not boosted” conditions for longer durations of  time at 
both 1 and 5 bars (Exp. 5 and Exp. 6). As such, Exp. 1 and Exp. 2 were repeated under “Not boosted” 
conditions for 4 hours. The micro-Deval tests were temporarily dropped from the experiments in order 
to focus on water absorption and find carbonation settings that indeed improve this parameter. After 
obtaining unsatisfying results from carbonation of  “Wet” RCA (regardless of  CO2 pressure, temperature, 
relative humidity and time), the aggregate moisture condition was switched to “Seasoned” while the relative 
humidity was studied in both “Boosted” and “Not boosted” conditions (tested at 1 and 5 bars for 1 hour: 
Exp. 7 to Exp. 10). 

Table 4: The experimental units representing the studied carbonation settings

Exp. no. MC RH T (°C) PCO2 (bars) Time

1 Wet Boosted 20 1 1

2 Wet Boosted 20 5 1

3 Wet Boosted 60 1 1

4 Wet Boosted 60 5 1

5 Wet Not boosted 20 1 4

6 Wet Not boosted 20 5 4

7 Seasoned Boosted 20 1 1

8 Seasoned Boosted 20 5 1

9 Seasoned Not-boosted 20 1 1

10 Seasoned Not boosted 20 5 1

3. Results and discussion

The chosen sequence of  crushing steps was found to result in RCA with a particle size distribution close to 
those of  starting 0/3 siliceous sand and 7/14 limestone. Figure 2 shows the sieve analysis results of  the >3 
mm and <3 mm fractions of  RCA in comparison with the 0/3 and 7/14 aggregates. 

Figure 2: Sieve analysis results of  RCA in comparison with the fresh aggregates

It is observed that the coarse RCA has a particle size distribution close to that of  7/14 limestone. Maintaining 
similar particle size is important for having a comparable basis for the water absorption of  RCA. This is 
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because it eliminates the particle size effect and helps determine 1- how much change in water absorption 
and micro-Deval resistance to wear will take place due to the presence of  hydrated cement paste on RCA, 
and 2- how much change in the said parameters a given carbonation procedure can result in.

While the water absorption of  7/14 limestone was 0.64%, the untreated (i.e., not carbonated) RCA was 
found to be capable of  absorbing 5.26±0.12% water when tested per EN 1097-6 which is mainly due to 
the presence of  hydrated cement paste in the grains. The starting limestone aggregate showed no more 
than 16.0±0.52% wear-out in the micro-Deval test while that of  the untreated RCA was found to be 
26.3±2.62%. As such, the presence of  hydrated cement paste has resulted in some 722±19% increase in 
water absorption and 64±21% increase in micro-Deval factor.

The results of  RCA carbonation in “Wet” conditions are shown in Figure 3 and Figure 4, all demonstrating 
the adverse effect of  excessive humidity on carbonation outcome. Figure 3 suggests that regardless of  
carbonation temperature and pressure, carbonation in “Wet” conditions does not reduce water absorption. 
Note that despite that the average values of  water absorption have mostly increased compared to the 
control (i.e., the “Not carbonated” RCA), the differences are not statistically significant (p-value>0.05 in 
all cases). Nonetheless, if  one is to judge merely by average values, one may conclude that in three out of  
four carbonation conditions, the average water absorption has even increased. This could be attributed to 
the fact that soaking RCA in water causes (visible) leaching of  portlandite from the adhered cement paste, 
which in turn results in an increase in RCA porosity and thus water absorption. During the carbonation 
process itself, some extra water is produced due to the conversion of  portlandite to calcium carbonate and 
water. When excessive free water is already available on the RCA surface (due to soaking), carbonation 
was found to cause further portlandite leaching. This was visually confirmed by the occasional formation 
of  milky water ponds at the bottom of  the carbonation chamber. The micro-Deval factor results (Figure 
3) are in line with the findings on water absorption. The effect of  carbonation on this parameter is barely 
significant (p-value=0.057). Dunnett comparison of  the four experimented carbonation conditions at 90% 
confidence level suggests that despite the slight drop in average micro-Deval factor due to carbonation, the 
differences from the control (i.e., “Not carbonated” RCA) are not significant.

Figure 3: Water absorption and micro-Deval factor of  “Wet” RCA carbonated at different 
temperature and CO2 pressure levels in comparison with “Not carbonated” RCA

It was originally expected to observe meaningful changes (i.e., increase) in the RCA apparent particle density 
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after carbonation (due to CO2 uptake). Figure 4 suggests that all carbonated samples have an apparent 
particle density numerically larger than that of  the control (i.e., not carbonated). However, the differences 
are not statistically significant (for the “Wet conditions”). Both t-test and Dunnett comparison test results 
suggest that the variations are not conclusive. The above discussed leaching of  portlandite or calcium 
carbonate from RCA in each carbonation run is thought to be counteracting the effect of  carbonation on 
density.

60°C/5b - Not carbonated

60°C/1b - Not carbonated

20°C/5b - Not carbonated

20°C/1b - Not carbonated

6050403020100-10-20
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Figure 4: Dunnett Simultaneous 90% confidence intervals of  the differences between the mean 
apparent density of  RCA before and after carbonation each carbonation condition for “Wet” RCA 
carbonated under “Boosted” humidity conditions for 1 hour (if  an interval does not contain zero, 
the corresponding mean is significantly different from the control mean)

In fact, the initial perception was to observe an inverse correlation between apparent particle density and 
water absorption (i.e., denser grains were thought to have less water absorption capacity), and similar 
correlation between apparent particle density and micro-Deval factor. However, no correlation was 
observed between the micro-Deval factor and the other two parameters. To the authors’ surprise, however, 
the correlation between the water absorption and apparent density was found to be direct and rather 
significant (r = 0.607; p-value = 0.063). The correlation matrix of  apparent density, water absorption and 
micro-Deval factor are shown in Table 5.

Table 5: The correlation matrix for water absorption, apparent density and micro-Deval factor of  
“Wet” RCA

Parameter Micro-Deval factor (%) Water absorption (%)

Water absorption (%)

Apparent density (kg/m3)

*Figures in parentheses are the p-values of  correlation coefficient. A p-value greater than 0.05 
indicates an insignificant correlation.

The above observations propelled the authors to further investigate the possibility of  excessive humidity 
being the underlying cause for the unexpected results. As such, in the first step the chamber relative humidity 
was switched from “Boosted” to “Not-boosted” to see if  any improvement will occur in the results if  the 
carbonation time is also extended to 4 hours. Yet, little success was achieved. The “Wet” RCA carbonated 
at 1 bar, 20 °C for 4 hours showed a water absorption capacity of  5.70±0.63%, while that of  same RCA 
carbonated under similar settings except at 5 bars was found to be 5.45±0.45%. Therefore, it can be 
concluded that “Wet” RCA does not show any improvement in the 24-hour water absorption capacity after 
carbonation at 1 to 5 bars, 20 to 60 °C, under “Boosted” or “Not-boosted” conditions for 1 to 4 hours.

The obtained results led the authors to further eliminate the availability of  moisture during carbonation. 
To this end, similar carbonation experiments (but only at 20 °C) were carried out on RCA “Seasoned” at 
95% RH. Since such RCA was first dried in the oven prior to exposure to 95% RH, they appeared dry 
on the outer surface (i.e., same appearance as oven-dried RCA). The carbonation was carried out at both 
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“Boosted” and “Not boosted” chamber humidity (please refer to Table 3 for the definition of  these terms) 
at 1 and 5 bars.

The results clearly confirm that similar to the case of  “Wet” RCA, carbonation of  “Seasoned” RCA under 
“Boosted” RH at 1 to 5 bars for 1 hour results in no reduction in water absorption. 5.34±0.20% and 
5.41±0.40% were recorded for the mean water absorption of  “Seasoned” RCA carbonated at 1 and 5 bars, 
respectively. However, carbonation of  the same RCA under “Not boosted” conditions led to a meaningful 
improvement and a breakthrough for the cases of  1 and 5 bar CO2 pressure, respectively. The water 
absorption of  the “Seasoned” RCA carbonated at 1 bar was found to be 5.03±0.16% while that of  RCA 
carbonated at 5 bars was measured as low as 4.32±0.50%. This means 4.4±0.8% and 18.0±1.8% relative 
drop in water absorption, respectively. These results are visually presented in Figure 5.

Figure 5: Water absorption “Seasoned” RCA carbonated at different relative humidity and CO2 
pressure levels in comparison with “Not carbonated” RCA

The apparent particle density readings of  such carbonated RCA specimens were also found to be 
as those of  “Wet” RCA but with less variations in readings (due to the lack of  uncontrolled leaching 
of  calcium carbonate from the specimens, unlike the case of  “Wet” RCA). The results are also 
shown in Figure 6. In three out of  four cases, a significant increase in apparent particle density 
was observed. Interestingly enough, the least particle density was recorded for the RCA with 
the least water absorption (i.e., Not-boosted/5b/1h). No clear correlation between the apparent 
particle density and water absorption could however be established (r = 0.25; p-value = 0.487). 

Seasoned/Not boosted/5b - Not carbonated

Seasoned/Not boosted/1b - Not carbonated

Seasoned/Boosted/5b - Not carbonated

Seasoned/Boosted/1b - Not carbonated
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Figure 4: Dunnett Simultaneous 90% confidence intervals of  the differences between the mean 
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apparent density of  RCA before and after carbonation each carbonation condition for “Seasoned” 
RCA carbonated at 20 °C for 1 hour (if  an interval does not contain zero, the corresponding mean 
is significantly different from the control mean).

Given the apparent particle density is oven-dried mass/oven-dried volume, it seems that as carbonation 
takes place (leading to a drop in water absorption), both the numerator and the denominator increase in 
such a way that the increase in the fraction is not in line with decrease in water absorption. As such, the 
apparent density values cannot be used as a source of  judgement for water absorption capacity of  RCA.

Nonetheless, comparing the 17.9% drop in water absorption for the case of  “Seasoned” RCA carbonated 
at 5 bars with the insignificant variations in such parameter for the outputs of  other carbonation settings 
suggests that RCA should be carbonated at high pressures under very limited access to moisture. Moreover, 
it can be concluded that carbonation does not take place for aggregates with excessive moisture contents.

4. Conclusions

The undertaken experimental program led to the following findings:

• Carbonation of  recycled concrete aggregates under wet conditions does not lead to any improvements 
in water absorption and surface wear resistance, regardless of  CO2 pressure, temperature, time and 
availability of  moisture in the carbonating atmosphere.

• No correlation was found between the apparent density and water absorption of  recycled concrete 
aggregates carbonated under wet conditions.

• Such correlation was strongly significant in the case of  recycled concrete aggregates preconditioned at 
95% relative humidity prior to carbonation.

• Carbonation of  recycled concrete aggregates preconditioned at 95% relative humidity in the presence 
of  water vapor has excessively low efficiency.

• Carbonation of  recycled concrete aggregates preconditioned at 95% relative humidity in the absence of  
water vapor at 1 bar CO2 pressure leads to some 4% drop in water absorption. This is while increasing 
such pressure to 5 bars leads to an extra 14% drop in water absorption capacity.

• High pressure carbonation (i.e., 5 bars CO2 pressure) under limited humidity conditions is recommended 
for the best results.
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Abstract – In concrete recycling processes, the reuse of  concrete waste as aggregate in new concrete 
usually requires a beneficiation process, which separates the natural aggregate from the attached cement 
paste/mortar. The old cement paste is considered harmful for the recycled aggregates quality; thus, its 
removal is recommended and only the clean natural aggregate is used as recycled aggregate. As a result, 
the majority of  concrete recycling studies focus on the aggregate. This work focuses on the old cement 
paste itself, which presents remaining unhydrated cement and therefore, presents a recovery potential for 
further use in new cement paste/concrete not only as aggregate (inert) but also as active addition with 
cementing properties. This work presents the results of  the quantification phase. In concrete structures, 
complete hydration is not achieved and unhydrated cement remains, which may be due to several factors: 
particle size of  the cement, water/cement (w/c) ratio of  the paste, curing duration and conditions, lack 
of  water or space for hydration, etc. Since nowadays concrete with lower w/c ratios is often in use, there 
is an increasing amount of  unhydrated cement, which represents a pronounced potential for recovery 
and reuse. Old concrete structures are usually made with higher w/c that allows better hydration but with 
larger cement grains that do not allow complete hydration. This work includes both low and high w/c  
representing old and new concrete structures. The parent cement pastes used in this work were prepared in 
laboratory using different w/c ratios and curing durations, referring to normal and high strength concrete. 
After crushing and grinding, different methods for quantifying the degree of  hydration and the remaining 
unhydrated cement were used including x-ray diffraction (XRD) and thermal analysis (TGA/DTA). In 
addition, the hydration process was simulated by NIST model. Results from different methods show that 
hydration was not complete and all cements has not undergone full hydration, which indicates the presence 
of  unhydrated cement in significant amounts. The degree of  hydration is indeed lower than one (0.59-0.90 
depending on the factors cited above), and there is a significant amount of  remaining cement that did not 
undergo hydration (up to 25%). XRD results also provide information that most of  the remaining cement 
is in the form of  belite. These results indicate that the material has a recovery potential and it could be 
further used in new cement paste/concrete as active addition with active cementing properties.

Keywords: Unhydrated cement, degree of  hydration, concrete waste.

1. Introduction

The construction sector is responsible for a significant global environmental impact, due to the consumption 
of  natural resources and energy, the generation of  waste and the emission of  carbon dioxide (CO2). Since 
concrete is the most used material in construction industry, by reducing its negative environmental impact 
it is possible to improve sustainability of  the construction sector [1]. One of  the main possible paths is 
through cement production. 

In recent years, global cement production have reached around 4 billion tons per year (4.05 billion ton in 
2017, 4.1 billion ton in 2018 [2]), with a projection to achieve around 5.2 billion tons by 2019 [3], which 
represents an enormous prospect of  economic and environmental impact.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

763

IC
SB

M
 2

01
9

ID
 1

02

In addition, major portions of  construction and demolition waste (C&DW) in many countries consists of  
concrete waste [4]. In concrete recycling processes, the technology for producing recycled aggregate from 
C&DW is available and relatively inexpensive [5]. The uses of  recycled aggregate include both base/sub-
base infrastructure and structural applications. Each application requires a different quality and therefore, a 
different treatment. The use of  recycled aggregate in new concrete requires a beneficiation process, which 
usually separates the natural aggregate from the attached cement paste/mortar. 

The old cement paste/mortar is considered harmful for the recycled aggregates quality; thus, its removal 
is recommended. When concrete waste is crushed, a certain amount of  paste/mortar from the original 
cement mortar remains attached to the aggregate particles, which forms a weak, porous and cracky layer 
[6] – as illustrated in Fig. 1. As a result, recycled aggregates present less density, high porosity and high water 
absorption capacity [7].

Figure 1: SEM-BSE image of  crushed C&DW [8].

There are several techniques for removing the attached cement paste/mortar: thermal treatment (heating 
method) [9], [10]; mechanical treatment (the eccentric-shaft rotor method/mechanical grinding method) 
[11]; thermal-mechanical treatment (heating and rubbing method) [9], [11]; chemical-mechanical treatment 
(freeze-thaw method) [12]; microwave-assisted treatment [11]; ultrasonic cleaning [13]; acid treatment [11], 
[12], [6]; silica fume impregnation [13]; polymer treatment [14]; etc. In all the cited techniques, the clean 
natural aggregate is used as recycled aggregate, while the attached cement paste/mortar is of  no use. As 
a result, the majority of  concrete recycling studies focus on the recycled aggregate only, clean from the 
attached cement paste/mortar. This work focuses on the old cement paste/mortar itself, which presents 
remaining unhydrated cement and therefore, presents a recovery potential for further use in new cement 
paste/concrete not only as aggregate (inert) but also as active addition with cementing properties.

This work is based on two important hypotheses: the first is that part of  the cement remains unhydrated 
in old concrete; and the second is that it is possible to recover this residual cement in order to use it in new 
concrete.

The cement hydration progress can be described in terms of  degree of  hydration: for a complete hydration, 
the degree of  hydration is one and for any other hydration, the degree of  hydration is lower than one. For 
these last cases, an amount of  unhydrated/unreacted cement remains in the hydrated cement paste, even 
after long hydration time [15]–[17]. This may be due to several parameters as follows. 

Cement particle size: large grains of  cement may never achieve complete hydration. In grains with a 
diameter greater than 20-25 μm, there is always a core of  cement that does not undergo hydration [18]. 
Greater values are described in [15]: cement particles larger than 45 μm are difficult to hydrate and those 
larger than 75 μm may never hydrate completely. 

Natural aggregate

Attached cement paste/mortar
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Water amount necessary for complete hydration: the complete hydration of  cement requires a minimum 
amount of  water in order to combine chemically with all the cement grains, which means that cement 
pastes with low w/c ratios may never achieve complete hydration. A few examples of  the use of  low w/c 
ratios in concrete production are high strength concrete (HSC) and high performance concrete (HPC). 

Lack of  space for hydration: the topics lack of  water and lack of  space for hydration are strongly connected. 
If  the cement paste presents a significantly low value of  w/c ratio, there will not be sufficient water to 
completely hydrate all the cement grains. In addition, hydration products occupy a larger volume than the 
original cement grain - around 2-2.2 times larger [15], [18], [19].

The critical value of  w/c as 0.38 is determined experimentally in [20], which provides enough space for 
all the cement to react with no capillary porosity left, which means that with zero porosity, the maximum 
degree of  hydration is achieved. For values of  w/c lower than 0.38, complete hydration cannot be achieved. 
The same value is found in [21] and similar values are found in [17]. With lower value of  w/c ratio, the 
capillary porosity is reduced and there will not be sufficient available space for hydration products. As a 
result, the hydration will stop even if  there is still unreacted cement and available water. Lack of  water and 
lack of  space as two of  the most important factors of  controlling hydration [22].

Curing duration and conditions: hydration can end prematurely if  the curing conditions (duration, relative 
humidity and temperature) are not appropriate, regardless of  the w/c ratio. Curing conditions ensure that 
sufficient water is available to the cement grains in order to sustain the rate and degree of  hydration 
necessary to achieve the desired concrete properties at the required time [23]. An example of  material that 
do not receive appropriate conditions of  curing is residual material from concrete plants.   

Cement components present low solubility and therefore, the hydration process takes place mainly on 
the surface of  the grains [18]. As a result, residual unhydrated cement grains are covered with a layer of  
hydration products (hydration shell of  calcium silicate hydrate C-S-H), whose thickness increases as the 
process of  hydration advances. With the increasing of  this layer thickness, the hydration rate is reduced as 
the process depends on the penetration of  the water through that layer [18]. The evolution of  hydration is 
controlled by water diffusion through the layer of  hydrated cement surrounding the anhydrous remnants 
of  cement grains [24]. The cement hydration proceeds by dissolution of  its components (alite as the main 
component) and precipitation of  C-S-H [24] – see Fig. 2.

Figure 2: Typical SEM-BSE image of  a Portland cement mortar [25]. 

The unhydrated core of  cement grains constitute strength in reserve [26]. The amount of  remaining 
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cement after hydration was estimated by different methods and it is noticeable that this amount can achieve 
significant values (up to 23% in volume), which represents a pronounced potential for recovery and reuse. 
As seen above, due to the enormous amount of  cement produced worldwide, substantial economic and 
environmental impact could be done.

2. Methodology

The overall work program consists of  two phases: (I) an estimation of  quantities of  residual unhydrated 
cement in old cement paste; (II) a study of  the effect of  the residual unhydrated cement on the properties 
of  new concrete (recovery). This study presents the results of  phase I. Recycled cement paste fines are 
produced in order to verify the amount of  unhydrated core of  cement grain, its exposure and its potential 
use in new cement paste. The production is performed by controlled parameters: w/c ratio and hydration 
period (curing duration).

2.1 Materials

2.1.1 Parent cement paste

The parent cement paste is prepared with different w/c ratios and curing durations. Part of  the material 
refers to normal strength concrete, with w/c ratio between 0.4 and 0.6; and part to high performance 
concrete (HPC), with lower w/c ratios (0.3-0.2).

The material used to produce the parent material is cement CEM I 52.5 N, tap water and superplasticizer 
admixture (SP), when needed. The chemical composition of  the cement is obtained by inductively coupled 
plasma (ICP), in addition to physical properties (Table 1). The SP used in this study is Glenium 27, a liquid 
high range water reducing/ superplasticizing admixture based on chains of  modified polycarboxylic ether, 
with specific gravity of  1.044 and active/solid content of  20% (by mass). Preliminary tests are performed 
and the workability of  the cement pastes is adjusted by the addition of  SP. Cement paste specimens are 
produced as shown in Table 2. The specimens are prepared in 50 mm cube moulds.

Table 1: Chemical analysis of  CEM I 52.5 N (values in % unless specified otherwise).

CaO SiO2 Al2O3 Fe2O3 MgO TiO2 K2O Na2O P2O5 Mn2O3 SO3

62.16 19.02 5.42 3.82 1.31 0.53 0.37 0.22 0.4 0.05 2.48

Cl (ppm) IR FL LOI250 LOI950 LOItot Specific area Specific density
375 0.76 2.8 0.41 2.52 2.93 4679 cm2/g 3.125 g/cm3

Table 2: Composition of  cement paste produced in laboratory for later crushing and grinding.

CP0.60 CP0.40 CP0.30 CP0.25 CP0.20

Cement (kg/m3) 1056.3 1363.8 1572.9 1697.6 1779.6

Total water (kg/m3)* 633.8 545.5 471.9 424.4 355.9

SP dosage (%)** - 0.2% 0.4% 1% 2.5%
w/c ratio 0.60 0.40 0.30 0.25 0.20

* total water amount includes the water contained in the liquid SP and the water added to the 
mixture.

** SP dosage as a percentage of  the active/solid content (by mass) in relation to the mass of  
cement.

Curing is started one day after casting, when the specimens are removed from the moulds and placed in 
water at (20±1)ºC for 1, 3 and 28 days (for normal strength CP0.60 and CP 0.40); and for 7 and 28 days (for 
high performance CP0.30, CP0.25 and CP0.20). Different curing durations are studied in order to establish 
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a connection between age and hydration rate achieved at each age.

2.1.2	Recycled	cement	paste	fines/residual	anhydrous	cement
After curing, the specimens are dried in oven at 105ºC until reaching constant mass and after, they are 
transferred to a vacuum desiccator in order to maintain dried samples in dry conditions. These dry conditions 
are maintained in order to avoid the absorption of  air humidity and possible changes in hydration rate. 
Subsequently, the specimens are tested for compressive strength, followed by crushing in a jaw crusher and 
grinding in a vibratory ball mill in order to achieve the fine size. The milling was performed for 30 minutes 
with a material/grinding aid ratio of  1/20 (stainless steel cylpebs used as grinding aid).

2.2 Methods
The hydration process is simulated by NIST cement hydration model [27]. Two different situations are 
studied: comparing different w/c ratios with the same cement particle size; and comparing different cement 
particle sizes with the same w/c ratio. For both cases, the parameters are specific gravity of  cement (3.125); 
maximum degree of  hydration (1); number of  cycles (200); maximum steps per cycle (5000); maximum 
probability for CH nucleation (0.01); scale factor for CH nucleation (10000).

The experimental program consists of  compressive strength according to [28], [29]; followed by particle 
size distribution (PSD), thermal analysis and X-ray diffraction (XRD). The measurements of  PSD were 
performed using Malvern Mastersizer 2000, with water and isopropyl alcohol as dispersion liquids. 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are performed from 105ºC to 
950ºC at a heating rate of  10ºC/min.  XRD is analysis using Rietveld refinement.

3. Results and discussion

3.1 Cement hydration model 
The analysis of  constant cement particle size (21 µm) is presented in Figure 3 and Table 3, while the analysis 
of  constant water/cement ratio (0.4) is presented in Figure 4 and Table 4.

    

   
Figure 3: NIST model after maximum hydration (w/c = 0.6, 0.5, 0.4 from left to right in the upper 
row; w/c = 0.3, 0.25 from left to right in the lower row). Color code: porosity (black), cement (red), 
C-S-H (yellow), CH (cyan)
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Table 3: NIST hydration model percentages - diameter of  C3S circles: 21 µm.

w/c Maximum hydration 
(%)

Remaining porosity 
(%)

Remaining cement 
(%) C-S-H (%) CH (%)

0.60 85 25.9 4.9 50.9 18.3

0.50 83 19.5 6.2 54.7 19.6
0.40 79 9.2 9.2 60 21.5
0.30 67 2.7 16.5 59.4 21.3
0.25* 59 1 22.9 56.1 20.1

*minimum value allowed     

It is interesting to notice that the amounts of  C-S-H and C-H are not in constant increase with the decrease 
of  w/c ratio: somewhere between 0.3-0.4, the maximum values are achieved, followed by a decrease. It is in 
accordance to the minimum w/c ratio required for complete hydration described in the literature. 

                              

Figure 4: NIST model after maximum hydration (diameter of  C3S circle = 11, 21, 31 µm from left 
to right). Color code: porosity (black), cement (red), C-S-H (yellow), CH (cyan)

Table 4: NIST hydration model percentages – w/c = 0.4.

Diameter of  C3S 
circles (µm)

Maximum hydration 
(%)

Remaining porosity 
(%)

Remaining cement 
(%) C-S-H (%) CH (%)

11 84 6.8 6.7 63.7 22.9

21 79 9.2 9.2 60 21.5
31 73 12 12.1 55.9 20

From Fig. 4 and Table 4 is possible to notice that even a very fine-graded cement does not achieve complete 
hydration and some of  the cement remain unhydrated. 

Both factors present a clear influence on degree of  hydration and amount of  remaining cement: lower 
w/c ratio and larger particles present lower degree of  hydration and higher amount of  remaining cement. 
Significant values of  remaining cement can be achieved (up to 23% in volume), which represents a 
pronounced potential for recovery and reuse.

3.2 Compressive strength 
Compressive strength results are presented in Table 5.

Expected results show that lower w/c ratio presents higher strength in all ages. In addition, early ages 
specimens present partial hydration.
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Table 5: Compressive strength results (MPa).

w/c 1 day 3 days 7 days 28 days

Normal strength 
concrete 

0.60 12.09 15.89 - 25.92

0.40 35.98 45.63 - 56.78

High-strength concrete

0.30 - - 64.14 78.83

0.25 - - 83.75 80.48

0.20 - - 91.59 117.7

3.3 Particle size distribution (PSD)
The samples measured in this stage, in addition to cement, were CP0.6-28days, CP0.3-7days and CP0.2-
7days (Fig. 5).

Figure 5: PSD measurements.

There is no significant difference between water and isopropyl alcohol as liquid dispersion for all samples. 
When working with cementing materials, there is a tendency of  using an inert liquid (not water) to avoid 
hydration. However, the equipment manual presents an indicator called “residual”, which implies how well 
the calculated data was fitted to the measurement data. Residual under 1% indicates a good fit, and residual 
over 1% may imply use of  incorrect refractive index and absorption values for the sample and dispersant. 
Regarding this indicator, samples in water dispersion presented lower values (lower than 1%), while samples 
in isopropyl alcohol dispersion presented values up to 5.6%, concluding that water dispersion is a better fit. 
In addition, since the test period of  time is very short, hydration may not be considered.

PSD results show that stronger cement pastes (with lower w/c ratio) present similar PSD to cement PSD. In 
addition, the value of  mass median diameter is compared (MMD or d(0.5) represents the size at which 50% 
of  the sample is smaller and 50% is larger). All d(0.5) values of  cement pastes are higher than the cement 
value (14.97 μm). The d(0.5) value increases with the increase of  w/c ratio: 26.16, 31.42 and 41.38 μm, 
respectively for CP0.2-7days, CP0.3-7days and CP0.6-28days. These results are contrary to the expected, 
since weaker pastes should break more easily and therefore, smaller d(0.5) values would be expected for 
high w/c ratio. Further analysis is needed. 

3.4 Thermal analysis
Results are shown in Fig. 6. All samples present 3 visible weight losses: around 115ºC, referent to gypsum 
dehydration; around 475ºC, referent to portlandite (calcium hydroxide) dehydroxylation; around 715ºC, 
referent to calcite (calcium carbonate) decarbonation. This third weight loss is higher at the sample CP0.2-
7days, which may indicate the occurrence of  carbonation. From the results, the amount of  portlandite 
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(calcium hydroxide) was calculated. Since carbonation has occurred, the amount of  calcite (calcium 
carbonate) should be calculated and taken into consideration.

Figure 6: DTA results for CP0.2-7days (upper left), CP0.3-7days (upper right) and CP0.6-28days 
(lower).

The degree of  hydration cannot be directly extracted from the results; however, an indirect calculation can 
be performed based on the non-evaporable water content (Wn), by dividing Wn by 0.23. The number 0.23 
comes from [17], where the non-evaporable water represents about 23% of  the mass of  the anhydrous 
cement (1g of  anhydrous cement requires 0.23g of  Wn for full hydration). Wn is calculated by the difference 
between the weight at initial temperature (105ºC) and the weight at final temperature (950ºC), corrected by 
the loss of  ignition (LOI) of  the cement.

3.5 X-ray diffraction (XRD)

XRD is performed and the results are present in Table 6:

Table 6: Quantitative evaluation (%wt.).

Phase Anhydrous cement CP0.2-7days CP0.3-7days CP0.6-28days

C3S 60.93 8.3 3.5 1.6

C2S 12.93 11.6 12.9 10.8

C4AF 12.4 4.2 2.9 0.1

C3A 5.85 1.6 1.0 0.6

Portlandite - 10.1 13.0 18.6

Calcite - 1.7 1.5 1.3

Amorphous content - 62.6 65.3 67
Portlandite corrected for carbonation - 11.4 14.1 20

The amount of  portlandite is corrected for possible carbonation. The amount of  silicates (alite and belite) 
indicates the presence of  unhydrated cement: around 20% for CP0.2-7days, 16% for CP0.3-7days and 12% 
for CP0.6-28days. In addition, the low amount of  remaining alite indicates that most of  the remaining 
cement is in the form of  belite.
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The degree of  hydration can be calculated by 1 minus the division of  the weight fraction of  the anhydrous 
cement phases after hydration (corrected by the diluted effect) by the initial weight fraction of  the 
anhydrous cement phases (obtained from XRD of  anhydrous cement). Table 7 summarizes the testing 
results for degree of  hydration and amount of  remaining cement by different methods. 

Table 7: Results comparison.

Degree of  hydration (%)

w/c NIST TGA DTA XRD Avearge (Std. Deviation)

0.2 59 59 64 66.5 62.1 (3.8)

0.3 67 64 71 71.3 68.3 (3.5)

0.6 85 83 90 77.3 83.8 (5.3)

Remaining cement (%)

w/c NIST TGA DTA XRD Avearge (Std. Deviation)

0.2 22.9 25 22 25.7 23.9 (1.7)

0.3 16.5 19 15 20.3 17.7 (2.4)
0.6 4.9 6 3 13.1 6.8 (4.4)

4. Conclusions

Results indicate that for low w/c ratios, there is a good agreement between the all methods, for both degree 
of  hydration and amount of  remaining cement. 

Regarding the degree of  hydration, TGA and NIST model present lower values (59% for w/c of  0.2; 65% 
for w/c of  0.3), while XRD and DTA present higher values (65% for w/c of  0.2; 71% for w/c of  0.3). For 
higher w/c ratios, there is a large discrepancy between the methods. 

Regarding the amount of  remaining cement, w/c of  0.2 presents on average 23.9% and w/c of  0.3 presents 
on average 17.7%. Once again, for higher w/c ratios, there is a large discrepancy between the methods. 

For both degree of  hydration and amount of  remaining cement, TGA appears to be more fitted. 

XRD results also provide information that most of  the remaining cement is in the form of  belite.

It should be considered that the particle size used in NIST model was 21 µm, which is different from the 
particle size of  the real cement used in the testing procedures. 

All results indicate, as expected, that hydration was not complete and not all cement has undergone 
hydration, which indicates the presence of  unhydrated cement in significant amounts. The specific methods 
for exposing the unhydrated core and further recovery have not been decided yet.
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Abstract 

Meat and bone meal (MBM) is one of the alternative fuels with good calorific value used in cement 
production. The main problem with MBM combustion in a cement kiln is the high content of P2O5, 
which incorporates in clinker phases, influencing phase composition of clinker and hence the quality 
of the cement. In cement industry, only limited amount of MBM is burned to prevent adverse effect 
on the clinker properties, i.e. within a safe maximum amount of around 0.5% P2O5 in clinker and only 
exceptionally more. P2O5 has a significantly negative effect on the nucleation of alite as a main clinker 
phase and it stabilizes belite by means of entering its structure. At 4.5 wt. % P2O5 in the clinker, the alite 
formation is completely blocked. Research on kinetics of  reactions between clinker and MBM proved 
reduction of  negative reactions and minimization of  migration of  P2O5 into the clinker minerals using 
undispersed P2O5 carrier. The carrier in lump form eliminates the negative effect of  P2O5 on the formation 
of  the main clinker phase alite. The research was conducted by means of  XRD and optical and electron 
microscopy. Optical microscopy revealed that a thin belite layer of about 100 μm was formed at the 
ash and clinker interface and electron microanalysis showed that P2O5 migrated inside the clinker to a 
distance of less than 250 μm from the interface. It is not possible to influence clinker outside this area. 
By analyzing the ash residucs in the clinker, it was found that an alkaline calcium phosphate with a 
structure close to nagelschmidtite, which does not have a negative impact on the hydration of cement, is 
formed. It is possible to prepare high quality cement from the clinker containing ash residues from MBM 
in an amount corresponding to up to 10 wt. % P2O5 in clinker. The work was completed with preparation 
of  cement with 7 wt. % of  P2O5 in the clinker, which exhibited good technological properties. In addition, 
cements with increased P2O5 content have significantly reduced the leachability of  toxic elements.

Keywords: Portland cement clinker, meat and bone meal, phosphorous pentoxide, cement.

1. Introduction

Meat and bone meal (MBM) is one of  the alternative fuels used in cement production. It has good calorific 
value (16 - 20 GJ / t) and at the same time, a biodegradation occurs there as well as possible disposal of  
harmful substances at high temperatures in the cement kiln. In particular, the destruction of  dead animals 
infected with various diseases, including the highly dangerous BSE (bovine spongiform encephalopathy), 
appears to be useful and effective [1,2].

MBM is dosed in the cement kiln dispersed in a flow of  air or fuel and its particles spontaneously burn. The 
combustion residues, consisting of  calcium phosphate (mainly hydroxylapatite - Ca5(PO4)3(OH)) then react 
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with clinker in its whole volume. P2O5 influences clinker melt properties [3], enters into the structure of  
clinker phases [4] and influences the phase composition of  clinker [5-8] and thus the quality of  the cement 
[7,9].

In practice, the cement works combust only such amounts of  MBM that negatively influence the clinker 
properties only to a small extent, i.e. only up to a safe maximum amount of  0.5, rarely up to 1 wt. % P2O5 
in clinker.

It was experimentally proven that P2O5 has negative effect on the nucleation of  alite crystals, stabilizing C2S. 
α-C2S forms a continuous solid solution with C3P above 1,450 °C [10] with a miscibility gap at 1,500 °C [11]. 
Negative effect of  increased belite and free lime content at the expense of  alite was observed from 0.7 wt. 
% of  P2O5. With the increasing content of  P2O5, CaO does not completely react with belite to form alite 
even after 4 hours burning at 1450 °C, which can be considered as equilibrium burning. Alite formation is 
completely blocked at 4.5 wt. % of  P2O5 in the clinker [8].

This paper explains the reaction kinetics of  phenomenon at the clinker/MBM ash interface and suggests 
the possibility of  multiply increase of  the amount of  co-incinerated MBM compared to the normal state. 
During that, clinker with residues of  MBM ash are formed without a significant direct negative effect of  
P2O5 on the formation of  the main clinker phase alite and from it prepared cement shows high-quality 
technological parameters.

2. Methodology

2.1 Materials
Raw meal from common cement raw materials was prepared for experimental work. The composition of  
the raw meal, its chemical composition and result of  sieve analysis are shown in Tables 1 and 2. The phase 
composition of  the equilibrium burned clinker from this raw meal (until CaO has completely reacted) 
determined by microscopy point-counting method (see Chap. 2.2) is shown in Table 3.

Table 1: Composition and basic chemical parameters of  experimental raw meal.

Sign Content of  component in wt. % Basic chemical parameters

RM-99
Limestone Sand Clay shale Fe correction LSF SR AR

75.46 3.51 20.06 0.97 99 2.5 1.6

        (1)

          (2)

           (3)

Where:

LSF  - Lime saturation factor 

SR  - Silica ratio 

AR  - Alumina ratio 
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Table 2: Granulometric analysis of  raw meal RM-99.

Sign Rest in wt. % on sieves with openings in mm

RM-99
0.045 0.063 0.090 0.125 0.200
27.2 18.1 8.4 2.9 0.3

Table 3: Phase composition of  equilibrium burned clinker from raw meal RM-99 in wt. %.

Sign C3S C2S C3A C4AF
C-99 71.0 13.7 10.0 5.7

MBM ash was prepared by burning at 750 °C for 4 hours. Chemical composition of  this ash is shown in 
Table 4.

Table 4: Chemical composition of  MBM ash.

Component Content in wt. %

SiO2 1.77

TiO2 <0.01
Al2O3 0.48
Fe2O3 0.67
P2O5 37.02
MnO 0.022
MgO 1.49
CaO 47.11
Na2O 4.18
K2O 2.63
SO3 0.56
Cl- 2.60

LOI 7.11
Ash content 21.25

2.2 Methods
Reactions of  ash particles in cement raw meal were simulated by two ways: 

1. Sandwiches – compressed tablets 40 mm in diameter consisted of  the layer of  finished clinker or raw 
meal for clinker burning and the layer of  MBM ash.

2. Tablets – tablets of  different diameters pressed from MBM ash were homogenized with raw meal and 
larger tablets 40 mm in diameter were pressed from this mixture.

In the first part of  the experiment, sandwiches with layer of  ground clinker and layer of  ground ash from 
MBM were prepared. Phase composition of  ground clinker is shown in Table 3 and chemical composition 
of  MBM ash is shown in Table 4. Sandwiches were burned at 1,450 °C, they were incoherenced and the 
layers were separated after burning.

Therefore, in the next part of  the experiment, the tablets consisted of  MBM ash with diameter of  20 mm 
were pressed and homogenized with ground clinker C-99 and then pressed to the form of  larger tablet 
40 mm in diameter. Burning were done at programmable super kanthal furnace at 1,450 °C for 1, 2 and 4 
hours. Other samples were prepared by the same way – tablet of  MBM ash in tablet from raw meal RM-
99. Burning were done at 1,450 °C for 0, 30, 60 and 90 min. Incoherence of  the tablet was noticable after 
burning and pulling of  the samples from the furnace and the inner tablet, which was initialy formed from 
MBM ash fell out from the finally clinker tablet.
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After that, pellets from MBM ash, 5 mm in diameter were prepared on pelletizing plate. These pellets 
were mixed with the raw meal RM-99 and tablets of  40 mm in diameter were pressed from this mixture. 
Estimated content of  P2O5 in clinker was 5 wt. % (91 wt. % RM + 9 wt. % MBM ash). The burning of  
large amount of  clinker for cement preparation was carried out at 1,450 °C with an isothermal dwell for 2 
hours. Sample identification - C-5P-T.

Subsequently, experimental burnings with raw MBM were performed. Firstly, solid pellets from MBM in 
the small pelletizing machine MGL 200 were made (see Figure 1). These pellets were mixed with the raw 
meal RM-99 and the mixture was burned to clinker. The ratio between RM and MBM contents was chosen, 
that the total content od P2O5 was similar to the previous case. The burning of  larger amount of  clinker for 
cement preparation was carried out in the same way at 1450 °C with isothermal dwell for 2 hours. Sample 
identification – C-5P-MBM.

Figure 1: Preparation of  pellets from MBM in the granulator line MGL 200

Phase composition of  experimental clinker samples was analyzed by optical microscopy and X-ray 
diffraciton.

Burned clinkers were crushed below 1 mm. Polished sections were prepared from the 0.045–1 mm size 
fraction. Quantitative phase composition of  prepared clinkers was determined by point–counting method 
in polished sections [12]. For perfect differentiation of  individual phases, the surface of  polished section 
was etched in vapor of  acetic acid [13]. Quantitative phase composition is expressed in vol. % and for 
calculation of  wt.% the following densities of  clinker minerals were used: C3S – 3.15; C2S – 3.28; C3A – 
3.03; C4AF – 3.77; free CaO – 3.35 and C3P alkalic – 3.07 g·cm−3.

Qualitative determination of  phases in clinker was analysed by powder X-ray diffraction of  the clinkers with 
a Bruker D8 Advance diffractometer with variable slits and a position sensitive detector. The diffractometer 
was operated at 40 kV and 30 mA, using Ni-filtered CuKα of  λ = 1,541,718 Ǻ, recording 6–80° in 0.02° 2Θ 
increments with 188 s counting time per step and total scan time of  1 h 5 m 59 s.

Electron microprobe CAMECA SX100 was used for the analysis of  clinker phases and concentration 
changes of  selected elements on the clinker – MBM ash interface. The analytical conditions were: accelerating 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

777

IC
SB

M
 2

01
9

ID
 1

05

voltage 15 kV, beam current 20 nA and spot size 2 µm. The standards used for internal calibration were 
natural standards - wollastonite (Ca, Si), barite (S), orthoclase (K, Al), andradite (Fe), jadeite (Na), rhodonite 
(Mn), pyrope (Mg), hydroxylapatite (P), and synthetic TiO (Ti); all elements were analyzed on their Kα 
lines. The lower limits of  detection varied between ~0.01 wt. % (e.g. for P, S, Si, Al, Ca) and ~0.02 wt.% 
(e.g. Ca, K, Mn, Fe). The acquired counts, corrected for background, were recalculated to oxides using the 
PAP correction procedure included in the CAMECA PeakSight automation program. The EMPA results in 
wt.% oxides were recast into composition formulae in atoms per formula unit (apfu).

Specific weight of  cements was determined by the pycnometer method and specific surface by the Lee-
Nurse permeability method according to the British standard B. S. 12:1958. Clinkers with the addition of  
gypsum were ground to approximately same surface area in a laboratory ball mill.

According to the standard EN 196-1, mortar prisms were prepared from the cements and the development 
of  compressive strength was tested after 2, 7, 28 and 90 days of  hydration. Normal consistency, soundness, 
start and time of  the setting were determined according to EN 196-3. Hydration heat of  cements after 7 
days of  hydration was determined according to EN 196-8.

Fly ash containing elevated levels of  toxic elements was used to monitoring the immobilization of  toxic 
elements. Fly ash was mixed in 1 : 1 ratio with cement C-5P-MBM and as well as the reference cement CEM 
I 52.5N. The test prisms prepared from these mortars were after demolding placed in humid environment 
(temperature 20 °C, relative humidity 90%). After 28 days of  hydration the test bodies were ground to 
1 – 10 mm and this material was leached according to EN 12457-4. The decanted leachates were filtered 
through a 0.45 μm pore filter. The leachates were analyzed by ICP-MS (Agilent).

3. Results and discussion

3.1 Sandwich experiments
Sandwich experiments revealed, that most of  the MBM ash layer is separated from the clinker layer. A thin 
reaction rim composed of  belite grains is formed in place, where the two layers remain connected (see 
Figure 2). The width of  the reaction rim and the belite grains increase with the burning time (see Table 5).

Table 5: Approximate width of  reaction belitic rim and average size of  belitic grains in rim.

Burning time [hours] 1 2 4

Width of  layer [µm] 75 110 140

Size of  belite grains [µm] 20 40 50

Sandwich interfaces were studied by electron microanalysis. The results showed that diffusion in the solid 
state occurred only in the immediate vicinity of  its own interface, more precisely to a distance of  about 500 
μm from it. Diffusion occurred in both directions, as evidenced, for example, by increased concentrations 
of  Al2O3 and alkalis, typical for the phosphate zone in the clinker zone at the interface. In substance, only Si 
is diffused from the clinker layer into the layer formed by the melting and recrystallization of  the MBM ash.

The joint occurrence of  some oxides (Al2O3, K2O, Na2O) is evidenced by the very similar concentration 
curves of  these oxides. The depth of  the zone, where the main phases of  the two parts of  the sandwich 
were influenced is 300 - 500 μm. Point analysis in the immediate vicinity of  the interface are analysis of  the 
solid solution C2S - C3P, at a distance of  > 200 μm from the interface, the second phase fraction already 
decreases below 5%. The concentration profiles at the clinker-MBM ash interface are shown in Figures 3 
and 4.
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Figure 2: Microstructure of  the sandwich cross section (1,450 °C, 2 hours), from left to right – layer 
of  clinker formed by light gray crystals of  alite and dark gray grains of  belite, dark gray grains of  
belitic reaction rim (in the middle), l ighter right part is formed by burned MBM ash (ref lected light, 
etched by acetic acid vapor).

As follows from the concentration profiles of  Si and P (Figure 3), the diffusion of  Si towards the ash 
layer from the MBM is much more significant than the diffusion of  P towards the clinker, where the 
concentration decreases to zero already at a distance of  less than 250 µm. The diffusion of  Si into the MBM 
ash layer is most significant to a depth of  about 350 µm, gradually decreasing from this distance, while at a 
distance of  1.25 mm, about 10% of  the atoms of  P are replaced by atoms of  Si.

Correlation coefficients were calculated from the values of  individual cations from C2S - C3P analysis. It 
follows that there is a very strong correlation between phosphorus and sodium (r = 0.983), the positive 
correlation between K and P is also significant (r = 0.763), beside between P and C is significantly negative 
correlation (r = -0.988, and -0.827, respectively).

Figure 3: Concentration profiles of  Si and P through clinker (left) / MBM ash (right) interface, 
burning at 1,450 °C, 2 hours (a.p.f.u. - atoms per formula unit).
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Figure 4: Concentration profiles of  Al, K, Na and Mg through clinker (left) / MBM ash (right) 
interface, burning at 1,450 °C, 2 hours (a.p.f.u. – atoms per formula unit).

3.2 Experiments with tablets
The newly formed clinker with residues after MBM ash tablets was analyzed by X-ray diffraction and 
electron microprobe to determinates qualitative phase composition. It was found that the residues are 
not formed by apatite, but by alkaline calcium phosphate, which with its diffraction spectrum is closest to 
mineral nagelschmidtite (Ca3(PO4)2.2(α-Ca2SiO4)). Apatite is represented here only in a small amount and 
belite in the orthorhombic modification α´ doped with P2O5 occurs here.

Microstructure of  the newly formed clinker with tablets of  burned MBM ash interface in shown in Figure 5. 
There is not a clearly visible reaction rim as in the case of  a sandwich prepared from a clinker (see Figure 2).

The electron microanalysis of  phosphate residues revealed that they are formed by the oval grains of  Ca 
± Na, K phosphate with a small proportion of  Si, which are bounded by a boundary material, which has 
a composition corresponding to ferrite, rarely aluminate. It has been found that the composition of  the 
predominant phase of  these residues is very variable, both in the cationic and in the anionic part. K2O 
(1.7 - 12.6%), Na2O (1.1 - 6.0%), CaO (39 - 60%), P2O5 (10.6 - 32.0%) and SiO2 (1.3 - 16.4%) have the 
largest variance. Statistical analysis of  ratios (Na + K): Ca and P: Si showed that there is a relatively strong 
positive correlation between them (r = 0.73). It means, alkali is bound to the phosphate component in 
silicophosphates, not to the silicate. According to X-ray diffraction analysis, these phases correspond by the 
structure closest to nagelschmidtite Ca3 (PO4)2.2(α-Ca2SiO4), which is a mineral formed in nature by high 
temperature (contact) metamorphosis of  phosphorus-rich sediments and has also been described from 
slags. The amount of  alkali, especially potassium, is too high to be neglected by comparing to the theoretical 
composition of  nagelschmidtite, and the fact that the stoichiometric ratio of  P: Si is 1: 1 in the theoretical 
formula of  nagelschmidtite found in only 4 of  27 analysis. Thus, it will be rather one of  the phosphates 
described in [14], in which, at position A of  compounds of  the A2XO4 type, Ca and Na occur. For example, 
Ca5Na2(PO4)4 with a structure close to nagelschmidtite was synthesized by these authors, but they also 
mention the existence of  a much wider range of  Ca : Na - from Ca4.8Na2.4(PO4)4 to Ca5.2Na1.6(PO4)4. Due to 
the approximation of  the ionic radii of  sodium and potassium, the existence of  phases in which potassium, 
together with calcium, would also emerge is certainly not excluded.

The analyses show that the Na2O content varies between 3.0 and 10.4% in the phases that are darker in 
the backscattered electrons, the K2O content varies between 1.5 and 4.3%. After conversion to atomic 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

780

IC
SBM

 2019
ID

 105

quotients,  (Na + K) / Ca ratio ranges from 0.1 to 0.5, most often about 0.17, which would correspond to 
the empirical formula Ca6(Na, K)[(PO4)3.5]. In the lighter phases, the alkali contents are low and correspond 
to carbonate hydroxyapatite. Si content is low in both phase types, silicophosphate is rarely found with 
them.

Analyses of  alite and belite in clinkers with residues of  MBM ashes show very low average contents of  P2O5 
(about 0.1% in alite, 0.3 - 0.6% in belite) in contrast with belite in clinkers with finely dispersed P2O5 carrier, 
where content of  P2O5 is normally higher than 6.0% with a total content of  4.5 wt. % P2O5 in clinker [8].

Figure 5: Microstructure on the MBM ash / clinker interface in clinker C-5P-T (1,450 °C, 2 hours), 
dark gray drops near interface in burned MBM ash are grains of  Cfree (ref lected light, etched by 
acetic acid vapor).

3.3 Cement preparation and their parameters
Quantitative phase composition of  clinker burned using MBM ash pellets and raw MBM determined by 
microscopy is shown in Tables 6 and 7. Chemical composition of  both clinkers is presented in Table 8.

Table 6: Quantitative phase composition of  clinker C-5P-T in wt. %.

Phase C-5P-T C-5P-T* C-99x

C3S 53.2 64.1 71.6

C2S 13.3 15.9 10.8
C3A 5.8 6.9 12.4

C4AF 10.3 12.4 4.4
Cfree 0.5 0.7 0.8

Cfree II 0.2 - -
Mfree II 0.1 - -
C3P alk 16.6 - -

Where: Cfree II – free CaO from MBM ash
Mfree II – free periclase  from MBM ash
*phase composition of  clinker without phases from MBM ash
C-99x – clinker burned at the same conditions from reference meal RM-99

Table 7: Quantitative phase composition of  clinker C-5P-MBM in wt. % (explanations see Table 6).



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

781

IC
SB

M
 2

01
9

ID
 1

05

Phase C-5P-MBM C-5P-MBM* C-99x

C3S 55.0 67.1 71.6

C2S 10.7 13.1 10.8
C3A 7.9 9.7 12.4

C4AF 6.8 8.2 4.4
Cfree 1.6 1.9 0.8

Cfree II 0.4 - -
Mfree II 0.2 - -
C3P alk 17.4 - -

Table 8: Chemical composition of  clinkers C-5P-T and C-5P-MBM in wt. %.

Phase C-5P-T C-5P-MBM

SiO2 19.45 18.13

TiO2 0.24 0.26
Al2O3 4.22 4.40
Fe2O3 3.06 2.93
P2O5 6.45 7.09
MnO 0.064 0.076
MgO 1.05 1.28
CaO 63.42 63.38
Na2O 0.75 0.90
K2O 0.79 0.59
SO3 0.08 0.35
LOI 0.34 0.41
Total 99.91 99,80

The results in Tables 6 and 7 showed that P2O5, which is released from ash inclusions, partially affects the 
phase composition of  the surrounding clinker (see difference in columns 2 and 3 in the tables). However, 
with a content of  about 6.5 (resp. 7) wt. % P2O5 in clinker is its influence acceptable.

The basic characteristics of  cements prepared from clinkers whose phase composition is shown in Tables 
6 and 7 are shown in Table 9. Cements prepared from clinkers with residues of  MBM ash with the same 
content of  solidification regulator and with approximately the same specific surface have high-quality 
technological properties. The results are compared with the reference cement (CEM-99) and shown in 
Tables 10 - 12. The results show that the clinker parameters with MBM ash residues are of  high quality and 
comparable to the reference cement.

Table 9: Specific weight [kg/m3] and specific surface [m2/kg] of  prepared cements.

Parameter CEM-5P-T CEM-5P-MBM CEM-99

Specific weight 3,122 3,127 3,132
Specific surface 358 354 366

Table 10: Compressive strength [MPa] of  prepared cements according to EN 196-1.

Cement 2 days 7 days 28 days 90 days

CEM-5P-T 18.4 39.0 57.9 63.3

CEM-5P-MBM 21.7 37.6 60.5 65.0
CEM-99 20.0 50.4 67.4 69.3
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Table 11: Determination of  setting development, normal consistency and soundness according to 
EN 196-1.

Cement Normal consistency
[%]

Start of  setting 
[hours : mins]

Setting time
[hours : mins]

Soundness
[mm]

CEM-5P-T 25.3 2:20 3:30 0.7

CEM-5P-MBM 27.0 5:20 6:10 1.7

CEM-99 26.0 5:00 5:50 0.3

Table 12: Hydration heat of  cement after 7 days of  hydration according to EN 196-8.

Cement Hydration heat
[kJ/kg]

CEM-5P-T 292

CEM-5P-MBM 337

CEM-99 368

During the research of  hydration and durability of  P-enriched cements was found a very important property 
of  these cements. It is their ability to increase the immobilization of  toxic elements. This phenomenon was 
observed both with cements containing MBM ash residues, and with cements with phosphorus incorporated 
in clinker silicates. The leachability of  hazardous elements added to the mortars from these cements has 
substantially decreased both in elements forming cations and in anions-forming hazardous elements [15].

Table 13 demonstrates an example of  the immobilization ability of  the cement C-5P-MBM from clinker 
containing 7 wt. % P2O5 in form of  residues from MBM ash.

Analogues of  apatite, in which a part of  calcium or phosphate ions has been replaced by other ions are over 
the range of  pH these phases can encounter in materials based on Portland cement or in their immediate 
vicinity in outdoor applications (pH 6 – 12), are insoluble. It was evidenced that in aqueous environment 
(e.g. in soil solution) occurs in the presence of  apatite ion exchange, by which cations of  metals like Pb, 
Zn, Co or Cd substitute Ca2+ ions in the structure of  apatite [16,17]. Similar exchange is known to happen 
with the phosphate anion, which can be replaced by arsenate, selenate, chromate or vanadate ions [18-20].

Table 13: Comparison of  leachabilities of  hazardous elements.

Element
Element conntent in eluate [µg/l] Leachability of  mortar from cement with 7% 

P2O5 compared to the leachability of  mortar 
made of  CEM I 52.5N [%]CEM I 52.5N CEM-5P-MBM

As 7.59 0.97 13

Cr 262.8 97.2 37
Cu 1.27 0.37 29
Pb 3400 350 10
Zn 650 210 32
Mn 261.5 9.1 3
Sb 1.30 0.28 22
V 1.50 0.51 34
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4. Conclusions

From the results it is clear that the reaction between the ash particles from the MBM and the surrounding 
clinker (or raw meal for clinker burning) is slow and does not have a significant impact on the phase 
composition as in the case of  the scattered P2O5 carrier.

• During the reaction, narrow belitic rim is formed at the interface of  clinker-ash on the clinker side. In 
this rim, belitic grains increase due to recrystallization. When we used raw meal, this belitic line is not so 
clearly formed and also alite crystals occur there. A higher concentration of  CaO close to the interface 
of  both components is noticeable. 

• Also, electron microanalysis showed a slight reaction and migration of  elements at the interface of  
MBM ash and clinker. It was found that the Si diffusion into the layer of  MBM ash is much more 
significant than the phosphorus diffusion into the clinker, where its content is almost zero already at a 
distance of  less than 250 µm.

• By analyzing the ash residues in the clinker, it was found that the mineral produced by burning is 
radiographically the closest to nagelschmidtite (Ca3(PO4)2.2(α-Ca2SiO4)). However, electron microanalysis 
has shown that the mineral has a variable composition, especially a low SiO2 and a high alkali content. 
It is therefore rather an alkaline calcium phosphate with a structure close to nagelschmidtite.

• Because the migration of  P2O5 to clinker is negligible, its entry into clinker silicates is also negligible. 
Thus, there is only a slight manifestation of  the negative effect of  P2O5 on clinker formation, i.e. 
decreasing the alite content and the increase of  belite content. With total analytically determined 
content of  6.5 - 7 wt. % P2O5 in the clinker decreased the alite content by only 6 - 10 wt. %. In the 
case of  using the scattered P2O5 carrier in the clinker already at 4.5 wt. % P2O5 completely blocks alite 
formation and produces a purely belitic clinker with a high free CaO content that does not enter into 
reaction.

These conclusions revealed the possibility of  a significant multiple increase of  the co-incinerated MBM 
in the cement rotary kiln compared to the current state. In practice, the MBM must be firstly modified by 
compacting, for example, by the pelletizing method or by pelletizing or granulating presses or biomass fuel 
production machines. So produced compacted pellets can be dosed either directly into the raw meal, or into 
any part of  the rotary kiln, possibly also into the main burner. MBM pellets will gradually burn out, utilizing 
their energy potential for clinker burning, and the resulting ash residues remain in the form of  inert alkaline 
calcium phosphate residues in clinker granules. Cements prepared from clinkers with MBM ash residues 
showed good technological parameters. In addition, the apatite structure contained in these cements causes 
immobilization of  a variety of  toxic elements.
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Abstract 

Non-ferrous metallurgy slags, when highly amorphous, have shown to behave as supplementary cementitious 
materials, albeit typically with low reactivity. Due to this feature, high-volume replacement of  ordinary 
Portland cement (OPC) with non-ferrous metallurgy slag is not encouraged. A classical method of  increasing 
slag reactivity is by increasing the fineness of  the slag, and this was investigated in the present work. To 
do so, a non-ferrous metallurgy slag was milled to specific surface areas of  4500 cm2/g and 6500 cm2/g, 
as determined by the Blaine permeability method. The influence of  the fineness on the slag reactivity was 
investigated using the RILEM R3 isothermal calorimetry procedure. Results demonstrated that the reactivity 
of  these slags is similar to that observed for siliceous fly ashes and increases with slag fineness. Moreover, 
isothermal calorimetry on blends of  OPC with 30, 50 and 70 wt% slag of  both finenesses was conducted 
to investigate the reaction kinetics, and a retarding effect of  the slag on the Portland clinker hydration was 
observed. Finally, compressive strength was tested at 2, 7 and 28 days and compared with the calorimetric 
results and with thermogravimetric analysis at 28 days. At late ages, the increased reactivity for higher slag 
fineness led to more hydration products and consequently higher compressive strengths. However, at early 
ages, the strength remained low and increased slag fineness did not yield significant compressive strength 
enhancement; early strength enhancement likely requires different activation methods.

Keywords: non-ferrous metallurgy slag, fineness, reactivity, supplementary cementitious material

1. Introduction

Non-ferrous metallurgy (NFM) slags may be suitable supplementary cementitious materials (SCMs) from 
a strength-perspective, as they have been shown to contribute to the compressive strength of  blended 
cements when highly amorphous [1]. However, in contrast to the generally used blast furnace slags of  
ferrous metallurgy, these non-ferrous metallurgy slags have higher iron contents and lower calcium contents 
[2] thereby decreasing the reactivity and dissolution rate [3]. Consequently, the NFM slag volumes that can 
be incorporated in blended cements are usually limited [4]. 

A typical method of  increasing the reactivity of  a SCM is by fine grinding in order to increase the specific 
surface area. For example Kiattikomol et al. [5] investigated the influence of  the fineness on the reactivity 
of  a range of  fly ashes and reported increased strengths both at early (3 days) and late (90 days) ages for 
increased fineness. Studies on iron-rich NFM slags have been less extensive, but for example Benkendorff  



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

787

IC
SB

M
 2

01
9

ID
 1

14

[6] reported that compressive strengths may also increase by increasing the fineness of  a lead/zinc slag, 
similar in composition to the slag used in this work.

As it is known that the specific surface area of  SCMs can have a major impact on the reaction kinetics [7, 
8], the reaction kinetics of  OPC blended with NFM slags were investigated using isothermal calorimetry. 
Afterwards a reactivity test was used in order to determine the increase of  the reactivity of  the slag with 
increasing fineness. Recently a wide variety of  reactivity tests was compared by the RILEM TC 267-TRM 
[9], and the R3 (rapid, relevant and reliable) isothermal calorimetry test [10] was determined to most closely 
correlate to the mortar compressive strength. Additionally, the technical committee reported values obtained 
by this test for classical SCMs such as fly ashes and blast furnace slags of  ferrous metallurgy. Furthermore, 
Snellings et al. have recently also reported values for other non-ferrous metallurgical residues [11]. This 
allows to rank the NFM slag used in this work with respect to other classical or possibly future SCMs. 
Consequently, this R3 isothermal calorimetry test was used as a reactivity test to investigate the influence of  
the NFM slag fineness on its reactivity. Finally, compressive mortar strengths were obtained and compared 
with the isothermal calorimetry results as well as correlated with the amount of  bound water and Ca(OH)2 
in order to explain the observed behaviour.

2. Methodology

2.1 Materials
NFM slag was obtained from a pilot installation after high-temperature treatment and granulation, yielding 
a highly amorphous slag with a composition and phase assemblage as shown in table 1, obtained from X-ray 
fluorescence spectroscopy (XRF; S8 TIGER, Bruker) and X-ray powder diffraction (D2 Phaser, Bruker) 
respectively. Additionally, a synthetic slag was used, the composition of  which as determined by XRF is 
shown in table 2. The OPC used in this work was a CEM I 52.5N type with a specific surface area of  3478 
(±18) cm2/g, as determined by the Blaine permeability method (EN196-6 [12]). All the chemicals used to 
prepare the R3 mixtures, i.e. KOH, K2SO4, Ca(OH)2 and CaCO3,  were analytical grade chemicals.

Table 1: Chemical composition and phase assemblage, both in wt% of  the NFM slag.

Elements Composition Phases Chemical formula Phase content

FeO 35-45 Wüstite FeO 8
SiO2 25-30 Spinel (Mg, Fe)(Al, Fe)2O4 11
CaO 15-20 Quartz SiO2 <1
Al2O3 3-6

Undetected/ 
Amorphous / 80MgO 1-2

Other 7-12

Table 2: Chemical composition of  the synthetic clean slag.

Elements Composition  
(wt%)

FeO 49.9
SiO2 25.4
CaO 19.3
Al2O3 4.8
Other 0.6

2.2 Methods
The slag was milled to specific surface areas of  4533 (±28) cm2/g and 6491 (±49) cm2/g, as determined 
by the Blaine permeability method (EN 196-6 [12]), using high-intensity milling in an stirred ball mill. The 
slags are thus coded as “Bl 4500” and “Bl 6500” for the least and most fine slag, respectively. The resulting 
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particle size distribution (Fig. 1) of  the raw materials was also measured using laser diffraction (LS 13 320, 
Beckman Coulter) on dry powders, using n = 1.73 and k = 0.1 as optical parameters for both the cement 
and the slag. This yields a d50 of  11.79 µm, 9.17 µm and 4.70 µm for OPC, Bl 4500 and Bl 6500, respectively.

Figure 1: Cumulative particle size distribution of  the raw materials.

In addition to a reference pure cement paste, blended cement pastes were prepared by replacing OPC with 
30, 50 and 70 wt% of  slag with both finenesses and mixing with water to obtain a liquid/solid (L/S) mass 
ratio of  0.4. These pastes were investigated using isothermal calorimetry (TAM Air, TA instruments) at 
20 °C for 7 days in order to record the reaction heat during hydration. The heat flow and cumulative heat 
of  hydration of  the blends is reported from 1 hour after mixing to avoid taking into account the influence 
of  introduction of  the ampoules to the channels. It should be noted that this also means that the initial 
heat due to wetting and dissolution is not taken into account and not discussed in the results. Isothermal 
calorimetry was also used in the R3 isothermal calorimetry reactivity test, which was conducted on model 
mixes as described in [9]. In this reactivity test, a solid mix is prepared as 22.22 wt% slag (as SCM), 66.66 
wt% Ca(OH)2 and 11.12 wt% CaCO3. This solid is mixed in a L/S mass ratio of  1.23 with a simulated pore 
solution composed of  97.66 wt% H2O, 0.39 wt% KOH and 1.95 wt% K2SO4. The materials were kept at 
40 °C prior mixing, and 15 g of  the paste was subsequently used for isothermal calorimetry measurements 
at the same temperature (40 °C).

Furthermore, blended cement pastes were hydrated for 28 days and then investigated using thermogravimetric 
analysis (TGA; TGA/SDTA851, Mettler Toledo) on samples where the hydration was stopped by solvent 
exchange on crushed pastes. This solvent exchange was done by immersion (30 sec stirred, 5 min unstirred) 
in isopropanol (2x) and diethyl ether (1x) followed by drying for 8 min in at 40 °C. The latter was conducted 
from 30 °C to 980 °C in inert atmosphere (100 ml/min N2) with a heating rate of  10 °C/min. The amount 
of  bound water is calculated from the weight loss between the initial weight and the weight at 550 °C, 
which assumes all isopropanol or diethylether was removed in the drying step of  the solvent exchange. The 
Ca(OH)2 content in the paste was determined using the tangential method. 

Finally, mortars with 30, 50 and 70 wt% slag of  either fineness in the solid binder were prepared and tested 
in compressive strength as described in EN196-1 [13], although with a L/S mass ratio of  0.4. 

3. Results and discussion

The effect of  the slag content on the heat flow during early hydration (Fig. 2a) shows a clear decrease of  
the main hydration peak with increasing slag content. Considering that this peak is typically attributed to 
the dissolution of  C3S and the formation of  C-S-H, this decrease can be explained in part by the decreased 
OPC content. At later ages (20-25h) there is a shoulder which can be attributed to the renewed dissolution 
of  C3A [14]. With increasing slag content, there appears to be enhancement of  this shoulder. Presently the 
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exact cause for this enhancement is not fully clear. A closer investigation on quartz blended systems by 
Berodier [8] reported enhancement even though the quartz is considered to behave as an inert filler and 
related the enhancement to rapid C3A dissolution as a consequence of  lower sulphate presence in the pore 
solution, which would inhibit that dissolution. As in the blended system in this work no additional sulphate 
source was added, this may be a possible cause as well. Moreover, Quennoz and Scrivener [15] proposed 
that the acceleration rate of  the peak of  C3A reaction is related to the available C3A surface for dissolution. 
Hence the lower amount of  reaction products formed at these early ages with decreasing OPC content may 
lead to higher availability of  the C3A surface for dissolution and thus increase the dissolution rate as well. At 
even later times (>40h) there is another broad shoulder, more clearly seen after normalizing the heat flow 
to the OPC content (Fig. 3a), which is likely related to AFm formation [16]. 

Finally, after several days the slag starts reacting, yielding increased heat flows for 30 and 50 wt% replacement 
of  OPC with respect to pure OPC hydration, shown in Fig. 2a at the end of  the measurement (150-168h). 
While the replacement of  OPC by 70 wt% slag does not lead to a heat flow increase per gram solid at these 
ages, the heat flow normalized to the OPC content is higher, showing also slag reaction in this mix. Despite 
the extra heat flow from the slag reaction, the cumulative heat after 7 days (Fig. 2b) clearly decreases with 
increasing slag content, as the slag reaction does not make up for the decreased OPC content at early ages. 

 

Figure 2: Heat f low (a) and cumulative heat release (b) per gram solid during hydration of  OPC 
blended with non-ferrous metallurgy slag (low fineness, Bl 4500). The insert in (a) shows a zoomed 
in view of  the heat f low at later times.

The comparison of  the heat flow normalized to the OPC content is presented in Fig. 3a for the blended 
cements with the highest amount of  slag (70 wt% slag, 30 wt% OPC) as the differences are most pronounced 
there and similar to the effects seen at other replacement levels. The replacement of  OPC by NFM slag 
leads to a delay in the onset of  the reaction from 3.75 h for OPC to 4.12 h for a 30-70 OPC-slag (low 
fineness) blend. Moreover, with increased fineness, the onset of  reaction increases further to 4.62 h. The 
onset of  reaction is defined here similarly to Schöler et al. [7] as the intersection of  the horizontal line 
through the minimum of  the induction period and the best fit through the inflection point of  acceleration 
of  the main hydration peak. In addition to the retardation of  the onset of  hydration, the acceleration rate 
and the maximum heat release of  the main hydration peak decreases with increasing slag content and 
fineness. 

The NFM slag used in this work contains 7-12 wt% of  various residual elements, among which are several 
elements which are known to retard cement hydration, even in small quantities, such as Zn [17]. If  these 
elements would leach out of  the slag in the early hydration period they might cause the retarding effect of  
the slag. Therefore a clean slag, i.e. without any residual metals (“clean”), and with similar composition than 
the original slag (Table 2) was blended with OPC in a 30-70 wt% OPC-slag ratio and the heat flow during 
hydration was measured (Fig. 4). The clean slag shows a similar behaviour to the original slag (Bl 4500) and 

(a)(b)
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it can be concluded that the residual elements in the original slag are most likely not the (main) cause of  the 
retarding effect of  the slag. It should be noted that the clean slag had a slightly lower specific surface area 
(+- 4000 cm2/g) which likely accounts for the slightly decreased retardation when using this slag, though 
a small part may still be caused by the lack of  residual elements. Considering this result, other effects are 
most likely causing the retardation. In fly ashes a similar retarding effect is sometimes observed [7, 18] 
and authors have explained this by different effects. Fajun et al. [18] reported decreased Ca2+ contents in 
the pore solution and suggested that the fly ash surface acts as a Ca2+ sink by chemisorption. In addition, 
Schöler et al. [7] recently found increased aluminium levels in the pore solution of  fly ash-containing 
blended cements and attributed the retardation to the hindering effect of  aluminium on C3S dissolution 
[19] and C-S-H nucleation. Considering the similarity in behaviour of  these NFM slags with that in the 
aforementioned literature for fly ashes, it is likely that the cause is similar in these blends.

The increase in fineness also appears to decrease the enhancement of  the shoulder due to renewed C3A 
dissolution in the 20-25 h region, discussed before. Since the slag contains around 0.5 wt% SO3, this 
decreased enhancement may be explained by higher release of  sulphates from the slag due to the higher 
surface area, thereby slightly increasing inhibition of  C3A dissolution.

Finally, the heat release normalized to the OPC content increases by addition of  the slag as well as by 
increasing the fineness of  the slag. The former shows the reactivity of  the slag, while the latter indicates the 
expected reactivity enhancement due to the fineness increase. 

Figure 3: Heat f low per gram OPC comparison of  blends with 30 wt% OPC and 70 wt% slag with 
(a) different fineness or (b) with and without (“clean”) trace elements.

Due to the increase of  the retarding effect of  the slag with increasing slag fineness, the cumulative heat 
released (Fig. 4a) by OPC replacement with fine slag is lower until the paste has hydrated for 3 days. 
However, afterwards, the inherent slag reactivity increase with higher fineness leads to higher cumulative 
heat release, increasingly so with higher slag content. 

At the lowest slag content (30 wt%), the cumulative heat is statistically the same for both finenesses though 
the difference is expected to grow at later ages. The inherent slag reactivity was confirmed by the R3 
calorimetry test (fig 4b), where the finer slag (Bl 6500) showed higher cumulative heat release, both after 3 
and 7 days as the effect of  the slag on C3S and C3A hydration is neglected in this model system which does 
not contain OPC. Comparison of  the values obtained in the R3 reactivity test (table 3) with literature values 
for classical SCMs [9] shows that the values most closely resemble those obtained for siliceous fly ashes. 

(a)(b)
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Figure 4: Cumulative heat released in the first 7 days (a) per gram OPC in the blended cement pastes 
and (b) per gram SCM from the R3 pastes.

Table 3: Cumulative heat of  the R3 model systems comprising slag of  different fineness and 
comparison with literature data of  f ly ashes.

SCM SCM fineness 
(cm2/g)

Cumulative heat after 3 days  
(J/g SCM)

Cumulative heat after 7 days 
(J/g SCM)

NFM Slag
4500 114 197

6500 156 232

Fly Ash 1 ([9], “SFA I”) 4420 81.6 162.5
Fly Ash 2 ([9] “SFA E”) 6910 119.6 214.1

Compressive strengths and strength activity indices (SAI)1 of  mortars are presented in Figure 5. It is clear 
that the strength increases with time and OPC content. After 28 days compressive strengths of  the blended 
cements with medium to low slag content (50 wt% or less) reach SAIs higher than the OPC content, 
indicating contribution of  the slag to the strength, as expected from the calorimetry results and R3 reactivity 
tests. 

Moreover, there is a clear effect of  the fineness at later ages (> 7 days), which is more distinct for a slag 
content of  50 wt%. In fact, by increasing the slag fineness from 4500 to 6500 cm2/g allows an increase of  
the slag content from 30 wt% to 50 wt% while keeping the strength approximately equal, making the slag 
fineness a suitable tool to tailor the late age strength. 

Figure 5: Compressive strength and strength activity indices (SAI) of  mortars. Error bars indicate 
the standard deviation.

1  Strength activity index, SAI =  at each hydration time.

(a) (b)
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However, at early ages (2 days) there is no significant strength increase due to increased slag fineness. At 
high slag content, the strength may even decrease slightly. This can be linked to the calorimetry results, 
where the cumulative heat for this blend is lower for a finer slag until after 3 days of  hydration. In general, 
the lack of  strength increase at early age is most likely related to the lack of  reaction of  the slag at these ages 
in combination with the retarding effect of  the slag on the hydration of  the cement phases.

Using TGA the amount of  Ca(OH)2 and bound water after 28 days can be determined, where the former is 
important for the pozzolanic reaction while the latter gives an indication of  the amount of  hydrated phases 
that are present in the binder. After normalization of  the Ca(OH)2 and bound water content to the OPC 
content (fig 6a), the effect of  the slag can be more closely investigated. With increasing slag content, the 
amount of  bound water normalized to OPC increases, as reported before [1], showing the contribution of  
the slag to the hydration products. Moreover, increasing the fineness also increases the amount of  bound 
water, indicating enhanced formation of  hydration products which explains the increased strengths after 
28 days. However, for high slag contents (70 wt% slag) the increase in bound water content is similar to the 
blends with 50 wt% slag, while the strength increase is much lower. 

Hence for these blended cements with high slag content there may be some phases forming that don’t 
contribute as much to space-filling and strength while still taking up water. The Ca(OH)2 content normalized 
to OPC stays relatively constant, with a slight decrease for blends with high contents of  fine (Bl 6500) slag, 
most likely due to the higher slag reactivity which consumes more Ca(OH)2 in the pozzolanic reactions.

Correlating the bound water content and Ca(OH)2 content with the compressive strength (fig 6b) reveals 
that the former correlates well while the correlation with the latter is much worse, due to consumption 
of  Ca(OH)2 in the (strength-enhancing) pozzolanic reactions. Since the Ca(OH)2 is not expected to give 
significant contribution to strength and is being consumed in the pozzolanic reactions, the correlation of  
the bound water with the strength improves further by subtracting the water bound in Ca(OH)2 in the 
cement paste.

Figure 6: (a) Bound water and Ca(OH)2 content at 28 d, normalized to the OPC content. The 
estimated relative error is 10% . (b) Correlation of  the bound water content or Ca(OH)2 content 
with the compressive strength. Error bars are not shown for clarity. In both figures: BW = bound 
water content, CH = Ca(OH)2 content and BW-CH = bound water content excluding water from 
Ca(OH)2.

(a) (b)
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4. Conclusions 

The heat of  hydration of  OPC blended with non-ferrous metallurgy slag and the influence of  the specific 
surface area of  the slag on the reactivity in these systems was investigated. Heat release of  blended cement 
pastes at early ages revealed decreasing reaction heat with increasing slag content. Additionally a retarding 
effect of  the slag on the hydration of  the cement phases was observed which could not be explained by the 
trace elements in the slag. 

The R3 isothermal calorimetry reactivity test showed that the slag was similar in reactivity to siliceous fly 
ashes and that increasing the fineness yields a more reactive slag. However due to the retarding effect of  the 
slag and limited slag reaction at early age, the early strength did not significantly improve by increasing the 
slag fineness. In contrast, at later ages compressive strength did increase with slag fineness due to increased 
formation of  hydration products. 

Therefore enhancement of  the early age strength should be an important aim in further research. Additionally, 
further clarification of  the cement retarding effect of  the slag might be obtained by investigating the pore 
solution of  the blended cements at early ages.
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Abstract 

Converter steel slag is a by-product of  the steelmaking. It presents latent hydraulic properties due to 
the presence of  cement phases such as C2S. Literature has reported that converter steel slag has no or 
negligible reactivity with a heat release of  around 20 J/g with the calorimeter in the first days. This work 
aims to assess the effect of  mechanical activation to decrease particle size and introduce lattice defects, on 
the cementitious property of  converter steel slag. The results show that hydration occurs even without a 
chemical activator and that it can be increased further through progressive grinding. The converter steel slag 
was ground in four different series. Prolonged milling resulted in a decrease of  particle size and increase of  
the amorphous content. The calorimetric analysis of  slags mixed with water indicated the occurrence of  
exothermic reactions and the maximum released heat was 75 J/g for the slag with an average particle size 
(d50) of  21µm. 

Keywords: converter steel slag; mechanical activation, reactivity, mineralogy.

1. Introduction

The growing demand for materials by the building industry leads to intense exploitation of  natural resources 
and a high consumption of  energy. Therefore, the need to develop potential alternative materials and 
innovative techniques is required. By-products from other industrial manufacturing processes, like ground 
granulated blast-furnace slags and fly ash, are already used as sustainable alternatives to Portland cement. 
Another by-product is converter steel slag, also referred to as basic oxygen furnace (BOF) slag, of  steel 
production (ca. 100 kg/ton of  steel) [1,2]. It is generated during the purification of  pig iron when burned 
lime and dolomite are added in the process to react with the impurities. From this reaction, a silicate melt 
is resulted, containing CaO, SiO2, Fe2O3, FeO, MgO, Al2O3, MnO. Some other minor components such as 
P2O5, TiO2, and V2O5 can also be present[3][7]. Despite the high variability of  the chemical composition 
of  steel slag the mineral composition is very constant and consists of  potentially hydraulic phases such as 
polymorphs of  dicalcium silicate Ca2SiO4 (C2S) and other major phases as Wuestite, Mg Wuestite (FeO) and 
Srebrodolskite (CaFeO)[5].

Although steel slag has been used as coarse or fine aggregate in concrete and backfill materials, these 
applications can cause expansion problems related to the volume instability when a high amount of  free 
lime (f-CaO) is present in the steel slag [3,6]. Nevertheless, posttreatment of  the steel slag can contribute to 
controlling the volume stability and potentially valorising it as a hydraulic binder.

Steel slag presents latent hydraulic properties and low hydration rate when compared to conventional 
Portland cement, nevertheless this can be enhanced by increasing the specific surface area (SSA) of  slag 
through mechanical activation (MA)[7–10]. The reactivity of  slags has been found to depend on the source 
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of  slag, the type of  raw materials used, method and the rate of  cooling [11].

The reactivity of  the slag also depends on the comminution process[6] to mechanically activate the slag. The 
portion of  small particles is expected to increase as the grinding time increases. The long grinding time 
experienced by some researchers for steel slag in comparison to cement clinkers can be explained by a high 
metallic iron content [8].

Wang et al.[12] observed that the hydration rate of  steel slag increases as the (SSA) increases and the 
hydrating degree of  steel slag becomes similar for all particle sizes at the curing age of  180 days. The early 
hydration reaction can become faster and can produce more hydration products. Kriskova et al. [13] also 
reported that the amount of  heat released increased with milling time, but indicated that surface area is 
not the only factor influencing reactivity. There can be structural changes in the crystal lattice as well that 
also promote hydration. However, mechanical activation of  converter steel slag is still poorly understood, 
because many studies pay little attention to the mineralogy of  the slag. For that reason, it is important to 
consider and continue the investigation of  the mechanical activation of  steel slag through mineralogical 
characterization. 

The present study provides an evaluation of  the influence of  the mechanical activation (MA) on converter 
steel slag using physical and chemical characterization with X-ray fluorescence analysis (XRF) and X-ray 
diffraction (XRD) and addresses the reactivity and influence of  amorphization on phases of  converter steel 
slag. With the MA of  the slag particles, we aim to enhance the properties so it can work in applications as 
an alternative binder. 

2. Methodology

2.1 Materials
The employed converter steel slag (CSS) used was provided by Tata Steel (IJmuiden, The Netherlands). A 
representative fraction of  1-2mm granulate was provided for our experiments. In this study improvement 
by mechanical activation (MA) was attempted for the material and different particle sizes were compared. 
The analysis of  the reactivity was performed on the MA slag.

2.2 Methods
Mechanical activation was performed using a Retsch RS 300 XL disc mill at a constant speed of  912 min-1. 
To determine the effect of  milling time on powder fineness six treatment periods were selected (5, 9, 13 and 
15 min) for every single batch of  1kg for a grinding jar volume of  2,000ml. For this procedure, there were 
no pauses during the milling. The particle size distribution was obtained by laser diffraction technique using 
a Mastersizer 2000 from Malvern with the sample dispersed in isopropanol. The elemental composition of  
converter slag was determined by X-ray fluorescence analysis (XRF) expressed as a percentage of  oxides. 
The analysis was performed applying a XRF spectrometer from PANalytical (Epsilon 3 range, standardless 
OMNIAN method), on fused beads. The loss of  ignition was evaluated by heating the sample to 1100℃ 
for 1 hour and measuring the mass change. The morphology of  the particles was determined by Scanning 
Electron Microscopy (SEM) measurements using a JEOL JSM-7001F SEM equipped with two 30mm² 
SDD detectors (Thermo Fisher Scientific) and NORAN – System7 hardware with NSS.3.3 software. The 
SEM accelerating voltage was 15kV, the beam current 6.2nA and the step size of  the measurement used 
for Spectral Imaging was 1 µm. The sample was prepared by mounting it in epoxy (Struers EpoFix) and 
polished to a flat surface without the use of  water. It was then coated with about 10 nm of  carbon. In order 
to investigate the mineralogy before and after milling the crystalline phases were identified using a Bruker 
D2 X-ray diffractometer (XRD), Co radiation, step size 0.02, fixed divergence slits. The patterns were 
identified with the Bruker software Plus-EVA and quantified with Bruker software Topas by the Rietveld 
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method. For this purpose 10wt.% of  crystalline Si was added to the samples and homogenized with the 
XRD mill McCrone Retsch grinding for 1 minute on speed level 1. The determination of  the influence of  
the different particle sizes on CSS hydration was investigated by monitoring the reactivity by a Tam Air 
isothermal calorimeter (TA Instruments) at 20Ɛ for 48h, as after this period the heat flow measurements 
show constant values. This period was chosen due to the rapid reaction of  the steel slag. Water to binder 
ratio (w/b) of  0.4 was used for the milled material in the calorimeter tests. 

3. Results and discussion

3.1 Chemical composition and physical characteristics of  the materials
The chemical composition of  the converter steel slag is given in Table 1. As expected, it is mainly composed 
of  CaO, Fe2O3, SiO2, and MgO, while TiO2, V2O5, Cr2O3, ZrO2 are also present as minor constituents. The 
contents of  Fe2O3 and MgO are significantly higher than those in Portland cement, while the content of  
CaO is lower. When converter steel slag is heated in air to 950℃ for loss of  ignition determination a mass 
gain is induced due to the oxidation of  metallic or divalent iron, or manganese. 

Table 1- Chemical composition of  converter steel slag investigated measured by X-ray Fluorescence.

Converter 
Slag MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 ZrO2 LOI

wt.% 8.1 3.3 12.2 1.4 37.8 1.4 1.1 0.3 4.3 28.5 0.1 -1.6

Powder X-ray diffraction (XRD) shows that the crystalline phases present in the converter steel slag are 
Brownmillerite, C2S-α, and C2S-β, Mg, Fe-wuestite and Magnetite, as shown in Figure 1.

Figure 1 XRD Pattern of  CSS.

3.2 Particle size distribution (PSD)
In order to choose an optimum particle size that would result in the highest heat flow of  hydration, and to 
investigate if  milling the material would affect the mineral phases, tests were carried out by changing the 
milling time. Figure 2 shows the variation of  particle size distribution.
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a) b)

Figure 2- a) cumulative particle size distribution and b) particle size distribution of  Converter Steel 
Slag milled in different stages with the DM.

Figure 2 shows the reduction of  the particle size is related to the milling time. In Figure 2-a large shift can 
be seen from stage 5 min to stage 9 min. After that stage, the shift between the other stages is moderate. 
From Figure 2-b one can notice that starting from 5 min, there is a prominent shoulder between 5 and 9 
min indicating the reduction of  the present coarser particles considerably (100-1000µm) in the second stage 
(9min). Table 2 presents the median particle sizes of  the material after each milling stage. From 9 minutes 
until 15 minutes there is a continuous increase in fines. At 15min, the diameter increases (21µm) because 
fines begin to form agglomerates bonding to larger particles by weak van der Walls forces. This effect 
was also observed by Caprai et al. and Chauruka et al. [14,15] when using different materials in a ball mill. 
Further milling was not carried out as the compaction of  the agglomerates can decrease the effectiveness 
of  the mill.

3.3 Particle Morphology of  Milled CSS
The SEM images in Figure 2 show the morphological features of  the CSS after 5 minutes and 15 minutes 
milling. The particles retained their angular shape and sharp edges after 5 minutes but after 15 minutes in 
the disc mill, the agglomeration of  fines bonded with larger particles can be observed. As perceived in the 
particle size distribution (Figure 2), an optimum milling stage was reached.

b)

a)      b)

Figure 3: Particles morphology of  converter steel slag milled in a disk mill (DM) after a) 5 minutes 
and b) 15 minutes
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3.3 The influence of  the mechanical activation on properties of  converter steel slag 

3.3.1 Amorphization of  the particles
To quantify the mineralogical composition of  the CSS as received, the material was reduced to a diameter 
of  48µm to compare with the stage 15 min. Before the XRD measurement, both samples were milled in a 
McCrone Micronizer mill to ensure equal particle size obtained by gentle milling to not influence the XRD 
results. The Rietveld quantification is presented in Table 3. Based on the quantitative data, the amount of  
C2S-α, C2S-β, and Mg, Fe-wuestite decreases, while the amorphous content increases after milling 15 min 
with the disk mill. 

Table 3 Mineral composition of  CSS before and after MA treatment (15min) based on Rietveld 
analysis, in wt. %.

Mineralogical Composition Chemical Compound CSS 48 µm St. Dev. 15 min St. Dev.

Brownmillerite Ca2(Al,Fe)2O5 15.5 0.6 16.4 0.5
C2S-α Ca2SiO4 11.2 0.6 8.1 0.5

Mg,Fe-wuestite (Mg, Fe)O 19.8 3.2 15.5 3.3
Larnite C2S-β Ca2SiO4 17.2 0.6 12.4 0.5

Magnetite Fe3O4 (FeO. Fe2O3) 7.2 0.3 7.0 0.3
Amorphous - 29.2 4.9 40.7 4.8

3.3.2 Converter steel slag reactivity with water
The heat release of  the milled converter slag mixed with water was determined to assess the reactivity of  
converter slag (water/slag = 0.4). The respective heat release of  each slag at different milling times is shown 
in Figure 4.

a) b)

Figure 4: a) Rate of  heat f low and b) cumulative heat release of  Converter Steel Slag milled with 
different times.

The rate of  heat flow was negligible during the 48h of  measurement. (Figure 4). Nevertheless, Figure 4-b 
presenting the cumulative heat release shows that the reactivity of  the material increases following the 
reduction of  the particle size. The cumulative heat released within the first 48h is 74.78J/g for 15 min 
milling and just 20J/g for 5 minutes milling. For comparison, the heat release of  a Portland cement CEM 
I 42.5N is around 240J/g. The results show that increasing the fineness of  the slag can enhance hydraulic 
reactivity. 

4. Conclusions

• The MA treatment has a beneficial effect to enhance the converter steel slag hydraulic properties 
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without a chemical activator, by reducing the particle size of  converter steel slag, showing that it can 
potentially be used as a binder.

•  After 15 min of  milling the particles agglomerated, nevertheless, it didn’t influence the cumulative heat 
release.

• Disc milling results in amorphization of  the samples. The amorphous content increased and α-C2S, 
β-C2S, and Fe, Mg-wuestite decreased. Both C2S-α and C2S-β show a higher degree of  amorphization 
compared to Mg, Fe-wuestite. 

Based on the results obtained further analysis needs to be done to characterize and investigate the nature 
of  the hydration reaction and the behaviour of  slag during milling.
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Abstract 

Converter slag, also known as basic oxygen furnace (BOF) slag, is produced during steel making and contains 
mainly C2S, C2F, and RO phases (CaO–FeO–MnO–MgO solid solutions) among which varying levels of  
free lime can be present. Its high density makes it useful as armour stone, for stabilizing embankments 
of  waterways. Due to its high strength and abrasion resistance it has been applied as asphalt aggregate. 
However, it is avoided for applications in concrete because of  the expansion problems associated with 
hydration of  free lime. It is commonly believed that weathering of  slag is effective to mitigate the free-lime 
expansion. Four batches of  single BOF heats were investigated which had been stored outside for 19 years, 
exposed to all weather conditions, in drained boxes. Three batches still contained large solid blocks of  
around 5 to 20cm with some lichen growth. One sample however had broken into many smaller fragments 
of  around 1 to 2cm, presumably due to a high initial content of  C3S that was reduced from 15 to 5wt% 
during weathering. All samples still contained unreacted free lime showing that the reactions are ongoing 
and that weathering of  slag may not be entirely effective in avoiding expansion related durability problems, 
especially long term. In addition to free lime and C3S, the RO phase (Fe,Mg)O showed some reactivity 
during long term weathering. 

Keywords: converter slag, weathering, supplementary cementitious materials, XRD

1. Introduction

Iron- and steel making produces a variety of  slags at different stages of  the process. The best known one 
in the building materials industry is blast furnace slag, which is generated in the furnace where iron ore is 
smelted to produce pig iron. On average about 0.25 to 0.3t of  this slag are produced per t of  iron in the 
EU[1]. Due to excellent pozzolanic properties after granulation it is the main component of  CEM III [2] 
and often used in geopolymers [3]. In contrast converter slag is produced during the conversion of  iron 
into steel and rarely used as a building material, although it is also available in large quantities. About 0.15t 
of  converter slag is produced per t of  steel[1] with the worldwide steel production estimated to be 1,8 Bt 
in 2018 [4]. It is also referred to as BOF (Basic Oxygen Furnace) or BOS (Basic Oxygen Steelmaking) slag, 
LD (Linz-Donawitz) slag, steel furnace slag or simply steel slag. The last two should be avoided however, 
because they are also used for electric-arc-furnace (EAF) slag, which has different properties. 

The reason for the low utilization of  converter slag is two-fold: low reactivity makes it undesirable as a 
supplementary cementitious material and volume instability can interfere with its use as a concrete aggregate.

The composition of  converter slag is variable (Table 1 and 2) and depends on the steel making process 
as well as the quality of  the raw materials, but the most common phases are C2S which occurs in both the 
monoclinic β and the orthorhombic α’H form, as well as C2(A,F) and RO phases (CaO–FeO–MnO–MgO 
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solid solutions). C2(A,F) and	β -C2S are also part of  Portland cement clinker and as such some hydraulic 
reactivity could be expected in converter slag. However several studies have found that the reactivity is low 
and that the addition of  converter slag to cement or concrete has very little positive or even negative effects 
on strength development [5-7].

Table 1: Mineralogical composition of  converter slag [8-9]. Magnesiowuestite, free lime and 
periclase are RO-phases.

Formula Name Amount (wt%)

β-C2S Larnite/Alite }30-50α’H-C2S Bredigite

C2(A,F) Srebrodolskite 15-25
(Fe,Mg)O1-x Magnesiowuestite 20-30

Fe3O4 Magnetite 0-10
CaO Free lime 0-10
C3S Hatrurite/Belite 0-5

MgO Periclase 0-2

Table 2: Chemical composition of  converter slag [7, 10, 11]

Oxide CaO FeO/Fe2O3 SiO2 MgO MnO Al2O3 P2O5 TiO2

wt% 35-50 15-25 10-20 5-10 2-7 1-5 0.5-2 0-2

Converter slag as an aggregate in concrete can lower the durability due to the presence of  free lime or 
MgO. The free-lime and MgO can react with water to form hydroxides which is accompanied by volume 
expansion [12], and can lead to cracks and subsequent low durability. Free lime can form either directly 
out of  the melt near liquidus as primary phase or be present as undissolved lime. It can also form near the 
solidus when the slag becomes saturated with CaO or even subsolidus from the exsolution of  C3S into C2S 
and CaO during the slow cooling of  the slag [13]. MgO fragments in the slag can be derived from refractory 
wear, and MgO-rich RO (magnesiowuestite) forms as liquidus phase in converter slag. To some extent the 
cooling rate of  slag can be influenced, which effects the mineralogy, however, it is difficult to avoid free-
lime and MgO-phase in the slag because CaO is needed as a fluxing agent and MgO is added to protect 
the refractories of  the furnace. For this reason, converter slag is often restricted to applications that are 
less sensitive to volume expansion such as unbound aggregate for stabilizing waterway embankments or 
creating road base. However, if  it contains no free-lime, it can also be applied as asphalt aggregate because 
of  its high strength and abrasion resistance. 

One approach to mitigate the free lime problem is weathering of  up to 1 year by storing the slag outside 
[10, 14]. In addition, converter slag can be monitored by measuring the free lime content either chemically 
or via XRD or by measuring the expansion following a 1-7 day steam test (EN 1744-1). However, there is 
very little information available on the influence of  weathering, especially long-term on the mineralogy of  
converter slag. It is unclear how much of  the free lime or MgO present in fresh converter slag reacts over 
time and if  other phases could cause expansion too. All these parameters could have implications for the 
long-term durability of  building materials containing converter slag aggregate.

This paper analyses 4 different batches of  converter slag that were produced at Tata Steel Ijmuiden in 
2000/2001 and then placed outside for weathering. Scanning Electron Microscopy (SEM) with Energy-
dispersive X-ray spectroscopy (EDX), quantitative X-Ray diffraction (XRD) and X-Ray fluorescence (XRF) 
were used to investigate the changes in free lime content and in the other mineral phases during that time.
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2. Methodology and materials

The initial XRD measurements of  the unweathered slag were done using a D5000 (Bruker) with Cu 
radiation. For the measurements of  the weathered slag a D8 (Bruker) with a Cu tube, energy filtering and a 
Lynx Eye detector was used. Before measuring, the weathered samples were milled using a McCrone XRD 
mill (Retsch) adding 10wt% Si as an internal standard. All diffraction patterns were quantified using Topas 
5 (Bruker). For SEM/EDX analysis, the samples were embedded in resin, cut, polished without the use 
of  water and then carbon coated. The measurement was done using a JEOL JSM-7001F SEM equipped 
with 2 Solid State EDS Detectors (ThermoScientific NS7) with an accelerating voltage of  15 kV and beam 
current of  6.2nA.  The converter slag samples were stored outside in Ijmuiden in uncovered plastic boxes 
with holes in the bottom to allow rain water drainage (Figure 1). The original size of  the pieces was in the 
range of  around 10 to 20cm. The unweathered slag is referred to by the batch numbers A, B, C and D, while 
the corresponding weathered slag samples are named Aw, Bw, Cw and Dw. 

3. Results

3.1  Sample description
Figure 1 shows photos of  the original converter slag taken in 2000/2001 as well as its appearance today. 
The 4 samples were chosen based on differences in appearance out of  around 30 batches stored for long 
term weathering. Batch A and B were chosen due to their original appearance. Batch A had a bright white 
colour, while A represents the more typical dark converter slag. Batch C and D were chosen based on their 
current appearance. Batch Cw contained large pores, similar to scoria, while sample Dw was the only batch 
that had visibly reduced in size from around 20cm to 1-5cm.

Figure 1: Photos of  the converter slag batches investigated. Some weathered slags are overgrown 
with lichen (yellow)

3.2 Original Converter slag
The chemical composition of  the samples measured before weathering is given in Table 3. All slags were 
rapidly cooled, which means that the slags were tipped from a 30t slag pot onto a cold steel slab, quenching 
from end-of-converter-process temperature to ambient. The thickness of  the slag layer determined 
the rate of  heat loss. XRD measurements of  the original slag show that Batch A, B and C contain C2S, 
srebrodolskite, and RO phase (Mg,Fe)O, as well as some free lime (Figure 2). The (Mg,Fe)O peaks are very 
wide due to the presence of  (Mg,Fe)O with varying compositions and lattice parameter, which leads to 
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overlapping peaks. Batch D however is very rich in free lime and C3S with very little srebrodolskite (Table 
3). The srebrodolskite content is low due to the low Al3+ and probably Fe3+ content. This also means less 
Ca can be bound in this phase, leaving it available to form C3S and free lime. 

The measurements were quantified (Table 4) although the quality suffers from the poorer resolution 
available at the time, but it still gives an indication of  the mineralogical composition. 

Table 3: Original chemical composition of  the investigated converter slag batches. All results in 
wt%.

Batch Al2O3 MgO P2O5 CaO SiO2 TiO2 MnO FeO

A 0.5 8 1.6 45.7 11.8 1.9 4 26.6

B 2.9 12 1.3 38.3 10.6 1.7 4.6 28.5

C 2.5 13 1.3 41.6 12.6 2.2 4.8 22
D 0.7 9.5 1.2 44.7 12.7 1.8 3.9 25.4

Figure 2: Original XRD measurements of  converter slag before weathering. Differences in intensities 
are due to different measuring times.

Table 4: Mineralogical composition of  original converter slag before weathering (left) and after 
(right). Amorphous content of  the original slag could not be determined, because no internal 
standard was added at the time. Lime is a RO-phase but l isted separately due to its importance for 
volume stability. All results are in wt%.

Batch A B C D Batch Aw Bw Cw Dw

Lime 5.4 4 9.1 18.2 Lime 3.8 2.5 6.5 9.7

RO phase 37.4 40.8 35.4 36.9 RO Phase 27 26.2 18.1 22

Srebrodolskite 19.1 28.2 25.1 8.4 Srebrodolskite 20 24.4 24.6 3.2

C2S (α’H + β) 38 25.8 28.6 21.3 C2S (α’H + β) 45.5 31.5 31.7 18.7

C3S 1.7 15.2 C3S 3.5 5.1

Magnetite  1.2   Portlandite 7.1

Quartz 0.1 0.1 1.6 0.1

Calcite 2.2 1.1 0.3 2.3

Pseudobrookite 0.5 0.4 0.3 0.3

Iron 1.5

Green rust 0.7

Amorphous 0.9 13.9 12.4 29.9
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3.3 Weathered converter slag

3.3.1 Composition
After almost 20 years of  exposure to the elements, samples were taken from the converter slag and analysed 
with XRD (Table 5)(Figure 3). Regarding the phases that are important for weathering, all samples still 
contained noticeable amounts of  free lime, while their calcite contents were low. Sample Cw and Dw also 
contained unreacted C3S. No portlandite was found except for sample Dw. The Ca(OH)2 in Dw could be 
suspect and may have formed during milling out of  free lime because the sample was insufficiently dried. 
Small amounts of  green rust were present in Cw, which is an iron containing Layered Double Hydroxide 
(LDH) that is likely a weathering product. Weathered samples, except for A, contain amorphous phase.

Figure 3: XRD measurements of  converter slag after weathering.

Figure 4: Differences in converter slag before and after long term (w denotes the weathered samples).

Comparison of  the two datasets is complicated because of  the difference in quality between the old and 
recent XRD-patterns (energy filtering), and the lack of  information on the amorphous content of  the 
original samples. However, in the case of  Aw at least the amorphous content is very low, and it can be 
assumed that this was also the case in the unweathered slag A. We therefore assumed that the other original 
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slag samples B, C and D, also contained very little amorphous phase. This makes a direct comparison 
possible and shows that long term weathering reduced free lime and the other RO phases by around 30% 
(Figure 4), while the srebrodolskite content remained stable at around 20wt%. In contrast C2S appears to 
become enriched. Samples B/Bw and C/Cw show trends similar to A/Aw, the only difference is that Cw 
contains small amounts of  C3S. The C3S content seems to be enriched after weathering, just like the C2S, 
however the difference is not very large and considered to be well within the error of  the quantification 
for Batch C. It is however clear that some unreacted C3S remains. The enrichment of  C2S in these samples 
may be due to an overall mass loss that occurs when weathering products are washed out. If  that is the 
case reactive phases will decrease while stable phases appear to increase. These results also show that the 
outer appearance of  the first three batches before or after weathering does not correlate with significant 
differences in mineralogical composition.

In Sample Dw a clear reduction of  free lime and C3S can be seen after long term weathering, C2S appears to 
be stable while the srebrodolskite content was reduced by around 60%. The C3S content in Batch D is also 
the main reason for the extreme volume instability, more so than the high lime content. It forms C-S-H gel 
in contact with water, a reaction that is also associated with volume expansion and could explain the high 
amorphous content in Dw (30wt%).

Based on these results the reactivity of  converter slag phases during long term weathering can be ranked 
from most reactive to least reactive as follows: C3S/CaO>RO phase>Srebrodolskite>C2S. C3S and CaO are 
highly reactive phases, which is why the XRDs show a clear reduction in their content after weathering. The 
same reduction is visible for the other RO-phases, indicating reactivity even if  they have a lower solubility 
than CaO and no hydraulic reactivity like C3S. Srebrodolskite also seems to be reactive to some extent, even 
if  it dissolves at a lower rate than the RO-phase, It would explain why it appears to be stable in samples Aw, 
Bw and Cw but shows a clear reduction in Dw. C2S is either enriched or shows a very small reduction in all 
cases, making it very stable during long term weathering.

3.3.2 Microstructure
Because it showed the largest weathering effects Sample Dw was analysed further using SEM. Figure 5 shows 
calcite formation inside a pore next to a phenocryst of  C3S. The C3S appears to be partially hydrated (lower 
part) and contains (Fe,Mg)O inclusions that formed first in the melt, followed by C3S. This phenocryst of  
C3S is embedded in a matrix of  primarily C2S and (Fe,Mg)O.
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Figure 5: SEM-Image of  Sample Dw. A large C3S phenocryst with (Fe,Mg)O inclusions is embedded 
in a matrix of  C2S and (Fe,Mg)O. Calcite formed as a weathering product inside a pore.

Figure 6: SEM-Image of  Sample Dw. A pore fil led with hydration/weathering product (Mix) 
surrounded by partially reacted C2S, calcite and C3S. The inset in the lower left corner gives the 
EDX composition of  spots 4.1 to 4.3.

Weathering products also formed inside pores (Figure 6). It is most likely amorphous C-S-H or C-F-S-H 
(marked 4 in Fig. 5) with a variable composition, because the only crystalline weathering product that could 
be detected via XRD was calcite. The pore is surrounded by partially reacted C2S (marked 2 in Fig. 5) and 
C3S (marked 3 in Fig. 5). 
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4. Conclusion

• Four different batches of  converter slag produced at Tata Steel Ijmuiden in 2000/2001 were placed 
outside for long-term weathering experiments and analysed in 2019. Batches A, B and C had a similar 
chemical and mineralogical starting composition with C2S, srebrodolskite, magnesiowuestite (Fe,Mg)O 
and free lime (~4-9wt%) present. Batch D contained very high amounts of  free lime (~18wt%), C3S 
(~15wt%) and lower amounts of  srebrodolskite and C2S.

• After weathering only 20 to 30% of  the free lime had reacted in all samples. The presence of  C3S and 
free lime in Batch D caused a dramatic reduction in grain size from around 15-20cm to 1-5cm. This 
process is expected to continue and possibly accelerate, because only about 50% of  the C3S had reacted 
and the surface area of  the grains is still increasing due to volume expansion and cracking.

• The reactivity of  the converter slag phases from most to least reactive under long term weathering 
conditions can be ranked as follows: C3S/CaO>RO phase>Srebrodolskite>C2S.
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Abstract

The challenge of  sustainable use of  MSWI residues such as fly ash is particularly acute. One of  the possible 
uses of  these residues in making secondary building materials. However, MSWI fly ash is highly contaminated 
with hazardous elements such as Pb, Zn, Cd, Cu, etc. Its treatment to reduce the environmental impact 
is required before reuse or disposal. Here, the efficiency of  a new three-step combined treatment with 
two complexing agents (ethylenediaminetetraacetate and gluconate) to increase the toxic-element elution 
from fly ash in contrast to conventional water-only treatments is shown. The compositions of  raw and 
differently treated (reagent-combined and water-only treatments) MSWI fly ash were compared by the 
standard leaching test. For Cd, Cu, and Zn, the combined treatment is 10–1000-fold more efficient than the 
water-only one. It was shown that the same WFA, which seems non-hazardous according to the leaching 
test after being washed with water, proves to be extremely hazardous when more properties are taken into 
account. Thus, it is relevant not only to study the leaching of  WFA components and the factors affecting it, 
but also to pay detailed attention to amounts of  elements remaining in the material after treatments.

Keywords: MSWI fly ash; Potentially Toxic Element; Residue Treatment; Environmental impact; Leaching
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Table of  Nomenclature      

AAS

Atomic Absorption Spectrometry

COMBY

Combined chelatant treatment

EDTA

Disodium ethylenediaminetetraacetate

IC

Ion Chromatography

ICP-AES

Inductively Coupled Plasma – Atomic Emission Spectroscopy

LL

Legislation Limit

LOI

Lost On Ignition

L/S

Liquid to Solid

Na-Gl

Sodium Gluconate
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1. Introduction

The utilization of  waste residues challenge has been dealt with for over 25 years [1]. During the incineration 
process of  municipal solid waste, ash residues are approximately 80% (w/w) bottom ash and 20% (w/w) 
fly ash [2]. High concentrations of  chloride, sulfate, lead, zinc, copper, etc. turn waste fly ash (WFA) into 
a “hazardous waste” [3–5]. Due to the landfill space reduction along with environmental regulations 
concerning potential leaching of  various pollutants into ground waters [6], these residues should be treated. 
To convert WFA into a safe material suitable for landfilling or reuse, it is necessary to reduce the leaching 
of  potentially toxic elements (PTEs). 

Main ways to achieve this goal have been: water washing in combination with solidification [7–9], stabilization 
using various chemicals [10,11], adding silica fume to hydrated WFA pastes [12], carbonation [13,14], and 
thermal treatments [15,16]. However, recently, metal extraction from WFA [17,18] to retrieve valuable metals 
has become comparably attractive [19,20]. As metal concentrations in WFA are considerable, research has 
been focused on making this extraction as efficient as possible [21,22]. However, currently these methods 
are not being aimed to reduce the WFA contamination level. 

Among other applications, the WFA is considered as a promising cement substituent in the production 
of  concrete [7,23–25] or lightweight artificial aggregates [26]. WFA is conventionally water-treated [27], 
and the subsequent leaching test estimates its suitability for reuse. However, the washing procedure is not 
very economically feasible, reported liquid-to-solid ratios (L/S) are high (above 10) [28] or the procedure 
is not optimized, and the leaching test is not performed on the final product (containing WFA) to test 
the treatment efficiency [23]. Moreover, unlike coal-combustion fly ash (CCFA) mostly consisting of  
spherical particles [29], WFA particles are not studied well. They presumably consist of  an inert glassy core 
surrounded by a porous, partially dissolvable mineral matrix layer (Al, Si, and Ca are the main components) 
covered with easily soluble alkali-metal chlorides [30]. Thus, washing WFA may decompose the matrix, 
which would lead to a PTE release. Hence, if  the potentially soluble part of  WFA does not dissolve entirely, 
WFA can be hazardous if  washed again or incorporated in cement.

Thus, water-only treatments proved to be effective for readily soluble salts but not all PTEs. Several assisting 
agents (separately) for heavy-metal recovery (Zn, Pb, Cu, Mn, and Cd) from WFA were studied due to 
their high complexation constants [31], and it was reported that disodium ethylenediaminetetraacetate 
(EDTA) and sodium gluconate are especially efficient for Zn and Pb [8]. However, a detailed study on the 
effectiveness of  these complexing agents and their combined use for WFA purification was not performed.

Therefore, the goal is to study the effectiveness of  the combined use of  chelatants (EDTA and gluconate) to 
improve PTE extraction from WFA while using lower water volumes. Apart from complexation constants, 
the agents were selected due to their ability to simulate the matrix decomposition of  WFA particles, a 
process that might have occurred outdoors with assistance of  environmental agents. The study involved 
the comparison of  untreated and treated WFA by the standard leaching test and the analysis of  individual 
hazardous elements in the leachates and remaining WFA material.
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2. Materials and Methods

WFA was supplied by the municipal solid waste-to-energy incinerator plant of  AVR-Van Gansewinkel 
(Duiven, the Netherlands). 

2.1 Samples and reagents
Deionized water (a Milli-Q Academic system, Millipore) was used for the preparation of  all the solutions and 
washing. Nitric acid (69%, for analysis, ISO-grade, AppliChem Panreac) was used for all the operations with 
ICP–AES. All standard solutions were from High Purity Standards. A mixture of  ICP-AM-6 (100 mg/L 
of  Al, Sb, B, Ba, Be, Cd, Ca, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Ni, K, Na, Si, Pb, Tl, Sr, V, Zn) and ICP-
MS-68B (100 mg/L of  Sb, Ge, Hf, Mo, Nb, Si, Ag, Ta, Te, Sn, Ti, W, Zr) standard solutions was used for 
the calibration in the range 0.01-10 mg/L. A mixture of  an ICP-AM-15 standard solution (10000 mg/L 
of  Na, K, Ca, and Mg), P (10000 mg/L), and S (10000 mg/L) was used for the calibration in the range 
1–100 mg/L. An internal standard solution of  Sc (20 mg/L) was prepared from a standard solution 
(Inorganic Ventures, 1000 mg/L). 

2.2 Equipment

2.2.1 Inductively coupled plasma atomic emission spectrometry
Inductively coupled plasma atomic emission spectrometry (ICP–AES) provides rapid and highly sensitive 
multielemental quantification of  MSWI fly ash with high accuracy and precision [32,33]. An ICP–OES 
5100 SVDV spectrometer (Agilent Technologies) was operated in the axial mode (the auxiliary gas flow, 
1.2 L/min; coolant gas flow, 14 L/min; nebulizer gas flow, 0.8 L/min). All emission lines were measured 
simultaneously.

2.2.2 Flameless atomic-absorption spectrometry coupled with pyrolysis
An RA-915+ Mercury Analyzer (Ohio Lumex Co.), a portable multifunctional atomic absorption 
spectrometry (AAS) instrument with Zeeman high-frequency modulation of  polarization for background 
correction, with a RP-91C pyrolysis attachment (Lumex) was used for mercury determination. 

2.2.3 Ion chromatography
Ion chromatography (IC) was selected as a standard method for chloride and sulfate in leachates [34]. 
A Thermo Scientific Dionex ion chromatograph 1100, 2×250 mm AS9-HS ion-exchange columns, the 
isocratic flow (0.25 mL/min) was used. Ion detection was accomplished by measuring a suppressed 
conductivity making use of  an electrolytically regenerated suppressor (Thermo Scientific Dionex AERS 
500 2 mm). As eluent, a 9 mM solution of  sodium carbonate was used.

2.2.4 Auxiliary Equipment
An XP 504 analytical balance (Mettler Toledo), 15-D0438 riffle boxes (sample splitters, CONTROLs 
Group), an SM-30 shaking table (Edmund Bühler GmbH), a UF 260 drying oven (Memmert), and a 
Multiwave 3000 (Anton Paar) microwave oven for digestion with a 60-bar rotor were used throughout. 
Automatic Eppendorf  Research pipettes (Eppendorf  International) were used for the preparation of  
calibration solutions. A-class polypropylene volumetric flasks (Vitlab) with volume (50.00 ± 0.12) mL and 
(100.00 ± 0.20) mL and polypropylene test tubes (Axygen) were used for the preparation of  calibration and 
test solutions. 
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2.3 Procedures

2.3.1 Sample preparation
Fresh WFA samples were used for analyses and treatments. The material was oven-dried at 105°C to a 
constant mass. Next, the WFA fraction above 500 μm was sieved out (3.8% w/w), because it contained 
significant amounts of  unburned carbon. LOI at 550°C of  the fraction above 500 µm is 16.84. Next, the 
material was used for the standard leaching test. Subsequently, treated samples were collected and subjected 
to the standard leaching test again to assess the treatment efficiency.

2.3.2 Standard leaching test
The standard leaching test [35] was performed on untreated WFA and the fraction below 500 μm (5 
replicates of  40 g each) to evaluate the level of  PTEs, chloride, and sulfate. This test was also used to 
evaluate the combined (COMBY) and water-only (WATER-3) treatments (Section 3.3.2 below). After 
the standard leaching test (24 h shaking, L/S 10, 200 rpm), the samples were filtered through 17-30 and 
0.2-µm filters to prepare leachates for ion chromatography and ICP–AES/AAS. 

2.3.3 COMBY and WATER-3 treatment procedures
To test the efficiency of  complexing agents, individual solutions of  EDTA and sodium gluconate (Na-
Gl) were used. A WFA sample (40 g) was added to 200 mL of  0.05M EDTA and shaken for 20 min 
(200 rpm). The mixture was filtered (17-30 and 0.2-µm filters), and the washing water was collected for 
further analysis. The same procedure was repeated for another WFA portion, but Na-Gl instead of  EDTA 
was used. 

Figure 1 illustrates the scheme for both treatments consisting of  three steps. WATER-3 serves as a reference, 
it follows all steps from COMBY, but instead of  the additive solutions deionized water was used. Due to 
the dissolution of  soluble components, in all cases L/S was taken with respect to the initial sample mass. 

Figure 1: Scheme of  WATER-3 and COMBY treatments and analysis (figures in parentheses denote 
the number of  replicates for each stage) [36].
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3. Results and discussion

3.1 Untreated WFA properties

3.1.1 Comparison of  leaching vs. bulk element composition 
The standard leaching test results (L/S 10) (Table 1) on the untreated WFA show that Cr, Pb, Cd, Mo, and 
Zn concentrations exceed the legislation limits (LL) significantly (leachate pH 13) [36].

Table 1: PTEs in the WFA: their total content, leaching, and legislation limits (LL) [36].

Element
Leaching LL [37] Times over LL

(for leaching)mg/kg mg/kg
Sb < 0.02 0.32 –
As < 0.1 0.9 –
Ba 2.9 ± 0.3 22 –
Cd 0.10 ± 0.01 0.04 2.5
Co < 0.1 0.54 –
Cr 1.9 ± 0.2 0.63 3
Cu 0.10 ± 0.01 0.9 –
Hg < 0.001 0.02 –
Mo 6.7 ± 0.7 1 6.7
Ni < 0.01 0.44 –
Pb 26 ± 3 2.3 11.3
Se < 0.02 0.15 –
Sn < 0.02 0.4 –
V < 0.05 1.8 –
Zn 21 ± 2 4.5 4.7

In addition to high metal concentrations, WFA leachates after the standard leaching test contain large 
amounts of  chloride (110 ± 10 g/kg) and sulfate (50 ± 1 g/kg). It is similar to the previous findings, 
where the effectiveness of  a water treatment is shown [9,38–40]. 

3.2 Selection of  complexing agents 
Na-Gl and EDTA were selected because they are less aggressive than strong acids or bases, change the pH 
within 1.5 points only, which is important if  being compared with water, and show their effectiveness in the 
extraction of  Zn and Pb from WFA [8,38]. Thus, besides eliminating chloride and sulfate, these treatments 
elute PTEs. To test their effectivity, three independent treatments were performed (L/S 5; 20 min): water 
only, EDTA (0.05M), and Na-Gl (0.05M). 

The results (Figure 2) show that, firstly, each of  them efficiently elutes different metals, and secondly, 
they different affect the standard leaching test results for the treated material. Na-Gl is more effective in 
most cases (except for Ba, Sr, Mo, and Cd). It is vital to acknowledge its ability to elute major WFA matrix 
elements, calcium, aluminum, and iron. This may lead to matrix decomposition releasing an additional 
portion of  PTEs, which could not be released during the standard leaching test or treatment with water. 
PTEs, which showed the excess over the LL according to the standard leaching test, were Cr, Cd, Mo, Pb, 
and Zn. However, significant amounts of  Cu (by Na-Gl) and Cd (by EDTA) can also be liberated from 
WFA due to high stability constants (logβ1,Cu-EDTA = 18; logβ1,Cu-Gl = 36; logβ1,Cd-EDTA = 17; and logβ1,Cd-

Gl = 10) [41–43]. Being complementary, both agents were used sequentially in one treatment (COMBY) to 
elute the maximum number of  PTEs [36].
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Figure 2: Reagent efficiency relative to water : a) for elements, it is comparable to water) b) for 
elements, it is much higher than for water [36].

3.3 Two-reagent and water-only treatment comparison
Treatment parameters are the time of  contact, L/S, and the number of  steps. The priority task was to 
make a treatment which ensures the efficient chloride elution because its concentration is 100-fold higher 
than the LL. For a decrease in the chloride level by 98-99%, 15-30 min of  washing is enough [7,28,38,39]. 
In several studies, several-steps washing with L/S 1-3 proved to be more efficient than single-step ones 
with larger L/S [7,39,44,45]. In most papers on this topic, the number of  washing steps is limited to 2-3 
[28,39]. Given that the studied WFA is severely polluted (Table 1) and retains a large water amount (about 
30% after being in contact with water for about 20 min), we used a three-step washing procedure to 
remove the contaminated water. To minimize its amount, L/S 2 (relative to the initial sample mass) was 
used at each step. This ratio was selected empirically by obtaining a WFA–water paste with a viscosity low 
enough for its rapid mixing. EDTA was used at the first step as it elutes large amounts of  Cd (ca. 1000-fold 
higher than the LL), and this also provided more iterations of  rinsing out the contaminated water after 
this step. During the second step, Na-Gl was applied, and during the third, distilled water. All three steps 
together (1EDTA/2Na-Gl/3water) comprise COMBY. For the sake of  comparison, a WATER-3 treatment 
was applied. The procedure is the same as COMBY but instead of  additives, only distilled water was used 
at all steps [36]. 

3.3.1 Treatment results (elution)
Figure 3 shows the step-by-step elution for certain elements during both treatments. Taking into 
consideration that, for almost all metals, each step provides a significant PTE liberation, the number of  
steps cannot be less than three. The elution character for these two treatments differs for all metals (Figure 
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3). For WATER-3, the concentrations of  almost all the metals decrease in each step. This could be attributed 
to a change in pH at each step, however during COMBY pH drops are similar (see Figure 3 insets). For 
COMBY, the pH after the first step decreases more than with WATER-3. This probably occurs due to the 
removal of  alkaline compounds (mainly Ca) with EDTA. A pH change after the second step is the same, so 
the elution of  such metals as Pb and Zn would have to be even less than in the first step [46], but it is the 
opposite. Thus, it is worthwhile to look for another reason for such an elution character [36]. 

Figure 3: Elution of  metals during WATER-3 and COMBY treatments for each step; insets: pH of  
the washing waters during each step [36].

3.3.2 Standard leaching test results on treated WFA
Table 2 presents the standard leaching test results (L/S 10) for both treatments. Only elements with 
concentrations above the LL are shown. It is worthwhile to give a small remark regarding the LLs for 
chloride and sulfate. In this study, the environmental legislation for CCFA (LL (sulfate), 30,000 mg/kg; LL 
(chloride), 1000 mg/kg) could have been applied [47] because WFA is closer in some properties to CCFA 
rather than to MSWI bottom ash. However, because hereby no evidence of  complete WFA similarity to 
CCFA was presented, the legislation criteria for non-shaped building materials were used instead, see Table 
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2 [37]. It is rather negligible in the context of  this study because the goal was not to demonstrate the WFA 
leaching results after a treatment, but to show what changes the WFA undergoes. The treatment selection or 
other decision regarding the further utilization of  WFA can be made using these criteria though. Therefore, 
the LL values are taken for clarity, so that the challenge level can be estimated. 

Table 2: Standard leaching test results for untreated WFA and after treatments (for metals which concentrations 
exceed the legislation limit (LL)); underlined, more than the LL; bold, became worse after the treatment; italicized, 
became better after the treatment [36].

Leaching test Leaching test results (after treatments)

Element WFA untr. LL COMBY WATER-3

mg/kg
Cd 0.10 ± 0.01 0.04 10 ± 1 < 0.02
Cr 2.0 ± 0.2 0.63 0.50 ± 0.05 4.4 ± 0.4
Cu 0.10 ± 0.01 0.9 3.6 ± 0.4 < 0.02
Pb 21 ± 2 2.3 85 ± 9 < 0.05
Mo 6.7 ± 0.7 1 1.4 ± 0.2 3.3 ± 0.3
Zn 21 ± 2 4.5 38 ± 4 0.40 ± 0.04

g/kg
Сl– 110 ± 10 0.62 1.6 ± 0.2 1.9 ± 0.2

SO4
2– 50 ± 5 2.4 19 ± 2 16 ± 2

Table 2 shows that COMBY causes a strong increase in the PTE leaching except for Cr and Mo. In general, 
COMBY, which elutes matrix elements such as Ca, Fe, Al, Mg, and Zn, promotes the liberation of  PTEs 
enclosed in the matrix (Figure 2). At the same time, WATER-3 elutes orders of  magnitude less amounts 
of  these matrix elements, keeping PTEs inside. Therefore, after WATER-3, the concentrations of  a 
considerable number of  PTEs (except for Cr and Mo) are below the LL. Both treatments were not targeted 
to completely elute anions. Table 2 shows that both treatments were similarly effective in eluting chloride 
(COMBY, 99%; WATER-3, 98%), and close to each other for sulfate elution (COMBY, 62%; WATER-3, 
68%).

Table 2 shows that Cd leaching from the untreated WFA (using the standard leaching test) is only twofold 
higher than the LL (0.10 mg/kg). However, COMBY increased Cd leaching by about 100 times (10 mg/
kg), while during WATER-3 it has decreased by more than fivefold (< 0.02 mg/kg). At the first two steps 
of  WATER-3, a very small amount of  Cd was liberated (0.03 mg/kg, Figure 3), while during COMBY it 
was much larger at all the three steps (67.0 mg/kg). As at three steps of  COMBY, the eluted Cd amount is 
decreasing (45, 17, and 5 mg/kg, respectively), while the matrix component elution at the 1st step for water 
and EDTA is similar, it might be concluded that EDTA transformed all available Cd to soluble species 
on the surface layers. If  some additional Cd sources would have been uncovered by dissolving the matrix, 
an increase in its concentration at each subsequent step would have been observed. The ability of  Na-Gl 
to elute Cd is also significant (0.10 mg/kg), although less than of  EDTA due to a lower complexation 
constant (Section 3.2), and despite its use in the second step of  COMBY, an increase in concentration 
also did not occur. As WATER-3 is reagent-free, only a small amount of  soluble Cd got into the washing 
water (0.04 mg/kg), and the standard leaching test indicates WFA-WATER-3 as apparently non-hazardous. 
However, a very significant increase in the cadmium leaching using chelating agents shows that such a 
“clean” WFA may have a hazard under the action of  environmental substances [48].

Figure 3 shows that a significant amount of  Cr (0.7 mg/kg) is liberated at the 1st step of  COMBY, less  at 
the second step (0.2 mg/kg), and at the third step a negligible amount (0.1 mg/kg) is eluted, and according 
to the standard leaching test results its level satisfies the regulations. At the same time, for WATER-3, a 
small amount (0.1 mg/kg) of  Cr is liberated at the first two steps, and at the third step its amount increases 
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threefold. Eventually, WFA-COMBY leaches twofold Cr (4.4 mg/kg) as the untreated WFA (2.0 mg/
kg). The solution pH decreases during the treatment; however, at pH 8-13, Cr leaching does not vary this 
much [46]. On the other hand, Figure 4 illustrating a comparison of  Mg, Al, and Fe leaching at all steps, 
reveals that it is 2-3-fold larger at the first step of  COMBY (and Mg is not released at all at the first step 
of  WATER-3), and at the 2nd and 3rd steps for COMBY, the elution of  these components is 1-2 orders of  
magnitude higher than that of  WATER-3. It might be suggested that Cr is encapsulated in the matrix. Thus, 
as for Cd, the standard leaching test with L/S 10 does not show how much Cr will potentially leach out later, 
during the use of  WFA-based materials.

Figure 4: Matrix components elution during COMBY (marked C) and WATER-3 (marked W) 
treatments [36].

Considering the standard leaching test results (Table 2), for untreated WFA Cu leaching was below the LL, 
but after COMBY it has increased significantly. The character of  Cu elution differs from cadmium (for 
which the standard leaching test results after treatments were similar, Figure 3 and Table 2). Apart from very 
high complexation constants, the reason for such an elution character is also the matrix decomposition, 
elements are liberated 10-fold less effectively at the first step of  COMBY, as if  blocking Cu leaching. For 
WATER-3, these components are liberated only slightly, so approximately the same Cu elution is observed 
at all three steps.

After WATER-3, the concentration of  Pb in leachates is less than the LL; however, after COMBY, the 
WFA looks extremely hazardous (Table 2). In addition, even in the case of  WATER-3, much more Pb is 
liberated at the first (168.8 mg/kg) and subsequent (43.5 and 3.2 mg/kg) stages than during the standard 
leaching test on the untreated WFA (Figure 3, contact times are 20 min at every washing step and 24 h for 
the standard leaching test). This can be explained by the fact that during the standard leaching test, calcium 
salts can re-precipitate (e.g. CaSO4), with which Pb salts tend to co-precipitate [49]. Thus, in a short time 
of  COMBY this does not happen, and all available Pb transfers to the solution. This phenomenon is not 
observed for other metals because their chlorides and sulfates have rather high solubilities. 

Mo concentration in leachates have decreased after both treatments, and for COMBY it was close to the LL 
(Table 2). The elution character in both cases as well indicates a link to the elution of  matrix components: 
in WATER-3 it is slow, so at all steps a similar amount of  metal is liberated (0.8, 0.8, and 0.6 mg/kg, 
respectively); for COMBY, a much larger amount is eluted immediately (3.1 mg/kg), presumably, because 
of  a high complexation constant (logβ1,Mo-EDTA = 20) [31], and at the following steps it decreases (0.6 and 
0.2 mg/kg). The standard leaching test for the untreated WFA showed 6.7±0.7 mg/kg of  Mo, and the mass 
balance for treatments and liberated/left amounts for COMBY was 3.9±0.4/1.4±0.1 = 5.3±0.5 mg/
kg, and for WATER-3 was 2.2±0.2/3.3±0.3 = 5.5±0.5 mg/kg, indicating that, probably, the rest of  Mo 
(Table 1) is encapsulated in the silicate matrix and is unlikely to pose further threat. 
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For WATER-3, Zn level has decreased to an environmentally acceptable level (Table 2). However, for 
COMBY, it has become twofold worse than before the treatment. During WATER-3, it is very probable 
that only readily soluble Zn species are eluted, and at every step the elution decreases (5.5, 4.0, and 0.8 mg/
kg). For COMBY, there is no significant Zn leaching at the first step (6.4 mg/kg), but at the second one, 
18-fold higher amounts of  the metal eluted (115.4 mg/kg). This can result from the matrix elements 
beginning to be effectively liberated at the Na-Gl step of  COMBY, entailing enhanced Zn leaching [36].

4. Conclusions

Thus, the leaching properties of  untreated and treated WFA are studied. As a whole, the efficiency of  a 
three-step combined treatment with two complexing agents (ethylenediaminetetraacetate and gluconate) to 
increase the toxic-element elution from fly ash in contrast to conventional water-only treatments is shown. 

• The main metal impurities in the WFA are Cd, Cr, Mo, Pb, and Zn. Their leaching exceeds the 
legislation limits by 3-11 times. The leaching of  anions exceeds the corresponding limits by 25-1000 times. 
Leaching of  chloride is 110 g/kg, and sulfate is 50 g/kg.

• The ability of  gluconate to elute metals from the WFA is especially efficient (10-200-fold higher 
than of  water) for Cd, Cu, and Zn; and EDTA is the most efficient for Cd (800-fold higher than of  water).

• The ability of  combined treatment to elute metals in comparison with water-only is 40% higher for 
Pb, 15 times higher for Zn, 1800 times higher for Cd, 115-fold higher for Cu, and 2 times higher for Mo 
and Cr.

• As a result of  combined treatment, the WFA has become even more hazardous than before the 
treatment. In the case of  water-only treatment, the WFA appears to be much cleaner than before the 
treatment.

It is necessary to highlight that the same WFA, which, according to the leaching test results, looks non-
hazardous from almost all points after being washed with water, proves to be extremely hazardous (it 
matches the criteria for even more hazardous category than the untreated one). The aim underneath this 
research is to draw attention to the issue of  WFA processing once again. If  the extraction of  metals 
turns out to be economically feasible for a certain country, it would be rather insubstantial to incorporate 
the material in concrete. We believe that these findings will help in issues related to treating, processing, 
and utilizing WFA. For further research, it is expedient to study the mechanisms of  mutual elution of  
matrix components and PTEs in detail, as well as to investigate the structure of  WFA and how, if  used as 
secondary building materials, it affects the target material properties. The full data on this completed study 
can be found here [36]. 
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Abstract 

In this study, hydrophobic functionalization of  the ≤ 0.125 mm fraction of  municipal solid waste incineration 
(MSWI) bottom ash by creating a hydrophobic surface layer was investigated, focusing on the optimization 
of  the surface modification protocol. Moreover, the influence of  surface modification on the leaching 
behavior of  bottom ash was studied. The original and hydrophobic bottom ash (BA) was analyzed with X-ray 
photoelectron spectroscopy (XPS). Hydrophobicity was assessed with static contact angle measurements 
with the sessile drop technique. The hydrophobic layer was grafted with a wet-chemistry method, in which 
1H, 1H, 2H, 2H-perfluorooctyl triethoxysilane (fluorosilane) were tested. First, the reaction conditions were 
optimized and the influence of  weight percentage (wt.%) of  the functionalizing agent, the solvent, pH, and 
reaction temperature on the static water contact angle (CA) were investigated. The surface characterization 
involved investigating the nature of  adsorption, especially differentiation between physically and chemically 
adsorbed functionalizing agents. Subsequently, one-batch leaching test was performed to determine the 
influence of  hydrophobic functionalization on the leachability of  heavy metals, chloride and sulphates.

Keywords: Hydrophobic, Surface functionalization, MSWI, Bottom ash, Leaching

1. Introduction

In recent years, municipal solid waste incineration (MSWI) has attracted increased interest as a waste-to-
energy conversion technique due to the rapid worldwide increase in solid waste generation. Landfilling, as 
a widely used but least favorable waste disposal technique, is facing increased challenges related to growing 
environmental concerns and land space restrictions [1]. MSWI accomplishes a volume reduction of  70-
90%, and energy recovery 20-30% for electricity or up to 80% if  used for heating. After incineration, a small 
amount of  approximately 30 wt.% inert incineration ash remains [2]. These incineration ashes comprise 
large quantities of  inert by-products [3]. Bottom ash (BA) is the most abundant by-product, accounting for 
more than 80% concerning generated volumes [4]. Due to the recent Dutch initiative “Green Deal B-76” 
in 2020, 100% of  BA produced in the Netherlands must be upgraded to primary building material level [5].

Earlier studies have shown that BA can be used as an aggregate in concrete [1]. However, MSWI BA is 
often contained heavy metals, chlorides, and sulfates [6,7], making it unsuitable for application in building 
materials without a proper pre-treatment. Currently, the BA undergoes a treatment, which involves 
separation of  unburnt materials, removal of  metals, followed by sieving and washing. After this treatment, 
only the BA fraction with sizes between 4 and 32 mm is used in building materials. However, the fraction 
with particle sizes below 4 mm, which is rich in contaminants has limited applications [8,9]. Recently, a 
combination of  washing and sieving has been successfully applied to this <4 mm fraction [10], bringing 
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the leaching of  contaminants under the Dutch legal limit. However, the clean fraction of  BA was obtained 
by removing the finest particles, sized below 0.125 mm, from the bottom ash fraction before and during 
washing. This fraction contains the most contaminants and contributes the most to the leaching of  heavy 
metals, chlorides, and sulfates. To meet the goals set by the Green Deal initiative, proper treatment of  these 
fine particles is required.

This study will investigate a treatment method for the ≤0.125 mm fraction. Since removing the contaminants 
from these particles appeared to be challenging, modification of  the particles will be studied to prevent 
leaching of  contaminants. Because these contaminants are leached by water, it is presumed that hydrophobic 
functionalization of  the fine particles could decrease the leachability [11,12]. Still, even when hydrophobic 
functionalization does not help to decrease the leaching of  contaminants, making the particles hydrophobic 
will add a new useful property to the material. Consequently, the research question of  this project is the 
following: what is a suitable treatment for the hydrophobic functionalization of  the ≤0.125 mm MSWI 
BA fraction, preventing leaching of  heavy metals, chlorides, and sulfates? A wet-chemistry method will be 
investigated to modify the particle properties. Hydrophobicity of  the acquired samples will be assessed, and 
the method will be optimized accordingly. After the wet-chemistry treatment, the bottom ash surface will 
be characterized to investigate the nature of  adsorption, after which the influence of  the treatment on the 
leaching behavior will be examined. The objective of  this research is the development of  a wet-chemistry 
treatment for the MSWI BA particles sized below 0.125 mm, making it hydrophobic, the characterization 
of  the functionalized surface, and the subsequent investigation of  the influence of  the hydrophobic 
functionalization on the leachability of  heavy metals, chlorides, and sulfates. 

2. Methodology

2.1 Materials
BA ≤ 4 mm used in this study was provided by Heros Sluiskil, the Netherlands. The received BA ≤ 4 mm 
fraction was then separated into three different fractions, ≤ 0.125 mm (BA-S), 0.125 – 1 mm (BA-M), and 
1-4 mm (BA-L), using a vibratory sieve shaker (Retsch AS 450 Basic) according to DIN EN 933-1. The 
BA-S fraction was used in this study.  1H, 1H, 2H, 2H-perfluorooctyl triethoxysilane (98%) was purchased 
from Sigma-Aldrich. NaOH tablets (≥ 97.0%) and 32% HCl were purchased from VWR Chemicals.

2.2 Methods

2.2.1 Functionalization protocol
5 g of  BA was refluxed for 5 hours in a conventional reflux set-up in a round bottom flask of  250 ml, in a 
mixture with 150 ml ethanol, 50 ml water and a specific amount of  fluorosilane. Before adding the bottom 
ash, first, the silane was hydrolyzed at pH 3-4 (fluorosilane) for 1 h. After the reaction, the bottom ash was 
separated from the reaction mixture by vacuum filtration, and dried overnight at 60 °C. The influence of  the 
following parameters were investigated: mass ratio silane – bottom ash, pH of  the mixture (adjusted with 
droplets of  0.1 M NaOH or 0.1 M HCl solution to a pre-determined pH-value), and reaction temperature. 

2.2.2 Hydrophobicity assessment
Static water contact angles (CA) were measured using the sessile drop technique (Dataphysics CA 
Systems OCA, TBU 90E) to assess the degree of  hydrophobicity. The samples were prepared by pressing 
approximately 5 g of  BA together at 40 kN for 1 minute in a 40 mm diameter press tablet set. Water 
droplets of  2.000 μL were disposed on the surfaces of  these tablets. Reported CA values to correspond 
with the average measured CA of  five separate measurements, and the margin of  error was defined as the 
95% confidence interval of  these five measurements.
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2.2.3 Material characterization
TGA measurements were performed using a Perkin Elmer Pyris 6 TGA 400 System, in the temperature 
range 45 - 600 °C at a heating rate of  1 °C/min, under a nitrogen flow of  40 ml/min. The surface elemental 
composition was analysed with X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha 
spectrometer equipped with a monochromatic Al Kα X-ray source.

2.2.4 Leaching tests
Leaching tests were performed with the most hydrophobic sample for each compound. Leaching liquids 
were obtained by shaking a mixture of  approximately 4 g BA and 40 g distilled water (L/S ratio 10), for 
24 h in a horizontally placed, sealed PE bottle on a linear reciprocating shaking device (Stuart SSL2) at a 
constant rate of  250 rpm with the amplitude of  20 mm. After the extraction, leachates were filtered. The 
liquid was diluted 5 times in a 25 ml volumetric flask. The liquid was acidified with 50 μl 6.5 wt.% ultrapure 
HNO3 solution to prevent precipitation and subsequently filtered again. The contents of  the leaching 
liquids were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Varian 
730-ES). Furthermore, the concentrations of  sulfates and chlorides in the leachates were determined by 
ion chromatography (IC) (Dionex 1100) equipped with an ion exchange column AS9-HS (2 × 250 mm). 
A 9 mM solution of  Na2CO3 was used as an eluent with an isocratic flow of  0.25 ml/min. The detection 
of  ions was done by measuring suppressed conductivity using an electrolytically regenerated suppressor 
(Dionex AERS 500, 2 mm).

3. Results and discussion

3.1 Surface modification
The influence of  the wt.% of  fluorosilane relative to the BA mass, pH of  the solvent, and reaction 
temperature on the CA values were investigated. The result of  the wt.% variation on the contact angle of  
modified sample is shown in Figure 1. and the results of  the pH and reaction temperature variation are 
shown in Figure 2. 

 Figure 1. The contact angle values of the modified bottom ash with the addition of fluorosilane 
(wt.%). 

Figure 1 shows the expected relation between the wt.% functionalizing agent and the contact angle values. 
The plateau value was reached around at 2.5 wt.%. Further addition of  the functionalization agent did not 
result in the increase of  contact angle. Moreover, no significant influence of  the solvent pH and reaction 
temperature was observed as shown in Figure 2. An optimum temperature was expected in the temperature 
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variation graph, because of  the difference between the expected optimum temperature of  hydrolysis and 
condensation equilibria, however, the result did not correspond with the expectations. This could mean that 
the equilibria do not change in this process when the temperature is changed, likely because the utilized 
functionalizing agent is already completely hydrolyzed during the activation before the condensation 
reaction starts. Aside from the influences of  reaction temperature, pH and wt.% fluorosilane, Figure 1 
shows that the fluorosilane yielded very hydrophobic samples. The best samples were obtained with a wt.% 
above 2.5 wt.%, at a pH of  13, and with a reaction temperature of  70 °C. The most hydrophobic sample 
had an average CA of  142° ± 3.5. One of  the measurements of  this sample is shown in Figure 3.

Figure 2. The effect of  synthesis temperature (left side) and pH (right side) on the contact angle 
of  hydrophobic bottom ash. 

 

Figure 3. The contact angle of  the hydrophobic bottom ash modified with 5.14% of  f luorosilane, 
measured via sessile drop technique.

It is interesting to notice that the contact angle values of  samples with high fraction of  fluorosilane show a 
large margin of  error. The part of  the large error margin can be explained by the measurement technique 
itself  since CAs are measured with static contact measurements, which have in general a relatively high 
margin of  error. Especially with hydrophilic surfaces (in case of  original bottom ash fraction), the margin 
of  error was big with static contact angle measurements, because water droplets tend to collapse gradually 
within a few seconds. Because of  the time delay between surface contact and the actual contact angle 
measurement, static contact angle measurements gave less unambiguous results, especially with hydrophilic 
surfaces. Another factor was the preparation of  the sample. To get representative results for the sample as a 
whole, a homogeneous distribution of  the different minerals in BA is necessary. The functionalizing agent 
could react better or worse with different minerals. During the investigation, however, it was observed that 
some samples had a more homogeneous distribution of  different phases than others as shown in Figure 4.
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Figure 4. (a): pressed tablet of  homogeneously distributed BA, visible as a uniform color of  the 
tablet. And (b): pressed tablet of  heterogeneously distributed BA, visible as darker and lighter areas 
in the tablet.

3.2 Surface characterization
The elemental composition of  the surface was determined with XPS. The measurements were carried out 
on the silane reference sample and on the most hydrophobic sample of  BA modified with fluorosilane. The 
results are shown in Table 1.

Table 1. Atomic percentage of  elements on the surfaces of  untreated BA, the most hydrophobic 
BA sample after treatment with f luorosilane and the atomic percentages in the original compounds.

Sample O1s (%) Ca2p (%) C 1s (%) Al2s (%) Na1s (%) F1s (%)

0% silane reference 63.6 9.6 17.4 7.4 1.9 -

BA + fluorosilane 40.5 6.7 23.7 7.4 - 21.7

Pure fluorosilane 12 - 32 - - 52

Table 1 shows that all samples have a surface composition that consists of  oxygen atoms and some 
smaller amounts of  Ca, C, Al, and a little Na in the case of  the 0% silane reference sample. These atomic 
concentrations suggested that the surface of  the BA particles mainly consists of  carbonates and aluminates. 
This analysis also showed that some Na was present at the surface. According to earlier studies, Na indeed 
accumulates at the surface in the form of  NaCl [10]. Analysis of  the functionalized samples showed that the 
amount of  Na atoms on the surface decreased below the detection limit when a layer of  the functionalizing 
agent was applied on the surface, probably due to the dissolving of  NaCl during the functionalization 
process. 

3.3 Thermogravimetric Analysis
Figure 5 shows the TGA of  BA functionalized with 5.14 wt.% fluorosilane, compared to a reference sample 
that was treated similarly to the fluorosilane sample, except that no fluorosilane was added to the reaction 
mixture. The figure shows that two steps could be distinguished, where the derivate of  the weight plots 
diverged. The first weight loss step took place between 45 and 165 °C, whereas the second weight loss step 
took place between 225 and 472 °C. 

a b
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Figure 5. Thermogravimetric analysis of  BA-S functionalized with 5.14 % (m/m) of  FS, and 
reference (BA-S underwent same modification protocol in the absence of  FS).

The weight losses in the first step, was approximately 2 percent point higher than the weight loss of  the 
reference sample. This weight loss could be attributed to the desorption of  physisorbed fluorosilane, but 
also different water contents of  the functionalized sample and the reference sample.  In the second step, the 
weight loss was approximately 3% higher for the functionalized sample, which presumably corresponded to 
the loss of  chemically bonded fluorosilane. The weight decreases was more significant in the temperature 
range of  approximately 330 - 360 °C.

When the TGA curve of  the reference sample was subtracted from the TGA curve of  hydrophobic sample, 
the weight loss due to the functionalizing agent can be tracked. The weight loss can be divided into two 
different stages. The first weight loss correspond to 2% and the loss is attributed to the physisorbed silane 
that it is linked with surface, just due to the physical adsorption. The second step of  the weight loss is 
accounts for 3.2%, and happens in the higher temperature ranges. Here the energy required to remove the 
silane from the sample indicates the presence of  chemisorption. In the chemisorption, the silane are attached 
with the surface via silanol bonds and the breakdown of  these bonds requires higher energy, which happens 
at the high temperature range of  330 °C onwards. The two-steps pattern of  weight loss did not correspond 
with the predicted three-step weight loss pattern. However, it could be possible that the predicted second 
and third step, corresponding with respectively the desorption of  physisorbed polycondensate fluorosilane 
and the desorption of  chemisorbed fluorosilane, overlapped in this measurement. This would also be a 
good explanation for the big temperature range in which the observed second step takes place, compared 
to the much shorter weight loss step for stearic acid.

3.4 Leaching analysis
To investigate the influence of  hydrophobic functionalization on the leachability, leaching test was 
performed, and subsequently, the leachates were analyzed with ICP-OES and IC. The results are shown in 
Table 12. The results of  the silane samples indicated that hydrophobic functionalization with silanes slightly 
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decreased the leaching level compared with the untreated BA. Summarizing, hydrophobic functionalization 
with silanes yielded a significant reduction in contaminant leaching. Although hydrophobic samples achieved 
large reductions in the leaching levels, the levels of  Cu, Sb, Se and SO4

2- remained above the legal limits. 

Table 2. Determined concentrations of  contaminants after leaching tests of  original and 
functionalized samples, and their allowed emission limits regulated by the soil quality decree. [13]

Parameters
Non-shaped 

materials (mg/kg 
d.m.)

BA ≤ 0.125 mm 
(mg/kg d.m.)

Hydrophobic BA
(mg/kg d.m.)

Ba 22.00 0.51 0.47
Cr 0.63 1.14 0.87
Cu 0.90 6.53 2.59
Mo 1.00 1.20 0.98
Sb 0.32 0.91 0.76
As 0.90 0.16 0.17
Cd 0.04 <L.D. <L.D.
Co 0.54 0.05 0.05
Pb 2.30 <L.D. 0.03
Ni 0.44 0.07 0.06
Se 0.15 0.45 0.39
Sn 0.40 <L.D. <L.D.
V 1.80 0.12 0.13
Zn 4.50 0.52 1.07
Cl- 616 11,367 537

SO4
2- 1,730 20,979 19,483

4. Conclusions

The hydrophobicity of  the BA ≤0.125 mm fraction was successfully modified from hydrophilic to 
hydrophobic. As expected, the highest contact angles values (CA) were obtained with high fraction of  
fluorosilane (> 2.5%), with values reaching the superhydrophobic range (145°). The amount of  added 
functionalizing agent appeared to be the only influential factor on the hydrophobicity: Indeed, the pH, 
reaction time, and temperature did not have a significant influence on the hydrophobicity as seen with 
CA measurements. The threshold of  weight fraction of  fluorosilane that can react with the BA-S was 
characterized to be around 2.5 – 3 % (m/m). Adding more fluorosilane did not increase the hydrophobicity 
of  the BA-S because as characterized by TGA and GC-MS, the excess of  silane cannot be chemically bonded 
to the active sites and therefore forms additional silane layer that is physisorbed to the BA. Moreover, 
leaching of  potentially toxic elements Cr, Cu, Mo and Sb from the functionalized bottom ash reduced by 
28, 61, 13 and 22 %, respectively. The decrease in the leaching is attributed to the functionalized protocol 
in which these contaminants were washed away and after the modification due to the hydrophobic nature 
of  particles.
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Abstract 

The attached cement paste on recycled concrete aggregates (RCA) is the main factor causing impaired 
quality of  the new concrete. Since attached mortar is not as hard or strong as natural aggregates, its presence 
weakens the overall performance of  the RCA. Additionally, the attached mortar is known to cause a higher 
water absorption, an increased water cement ratio, and therefore a more porous and weaker concrete. 
Due to the negative influence of  the attached mortar on the RCA properties, ideally all mortar should be 
removed from the original natural aggregates, returning the recycled concrete into its original aggregates 
and hardened cement paste (HCP). In order to study the efficiency of  treatments designed to achieve this 
purpose, methods for estimating the amount of  HCP attached to the original aggregates need to be used. 
Such methods, which include e.g. composition tests (XRF, XRD), thermogravimetric analysis or chemical 
methods are generally time-consuming and complex. In this study, a more straightforward method based 
on oxide composition is proposed and corroborated with the results from other test results.

Keywords: Recycled concrete, oxide composition, hardened cement paste, cement content, aggregates.

1. Introduction

Generally, it can be assumed that recycled concrete aggregate (RCA) is better applicable when its properties 
resemble that of  natural aggregate (NA). According to Mindess et al., “aggregates should be hard and 
strong, free of  undesirable impurities and chemically stable” [1]. The attached (residual) mortar or cement 
paste is the main concern in using recycled concrete aggregates in new concrete; it accounts for the main 
difference between NA and RCA. The attached paste on incorporated recycled concrete aggregates is the 
main factor causing impaired quality of  the new concrete. Since attached mortar is not as hard or strong as 
NA, its presence weakens the overall performance of  the RCA. Additionally, the attached mortar causes a 
higher water absorption, an increased water cement ratio, and therefore a more porous and weaker concrete 
[2]. Due to the negative influence of  the attached mortar on the RCA properties, ideally all mortar should 
be removed from the original natural aggregates (ONA), returning the recycled concrete (RC) into its 
original aggregates and hardened cement paste (HCP). Because of  depletion of  geologically exploitable 
gravel sources in the Netherlands, a degree of  reliance on imports seems unavoidable for coarse virgin 
aggregates [3], hereby a demand is created for the production of  high quality RCA.

In order to study the efficiency of  treatments designed to better separate the attached HCP from the ONA in 
recycled concrete fractions, methods for estimating the amount of  HCP attached to the original aggregates 
need to be used. Such methods include e.g. oxide and mineralogical composition tests, thermogravimetric 
analysis for the quantification of  portlandite, carbonates and free and bound water [4,5], or chemical 
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methods are generally time-consuming and complex [6–12]. In this study, a more straightforward method 
based on oxide composition is proposed and corroborated with the results from other test results.

2. Methodology

2.1 Materials

The concrete demolition waste used as initial material in this study was generated during the renovation and 
evacuation process of  the cyclotron building at the Eindhoven University of  Technology (TU/e). After 
the decommissioning phase, 119 concrete elements with a combined volume of  127 m3 became available 
for recycling. Prior to receiving the material, the steel reinforcement was removed by crushing the elements 
with a concrete pulveriser. Due to the fact that the concrete was predestined to be applied as road base 
material, the material was then crushed to RCA using an excavator operated jaw crusher with unknown 
settings. At this point, the material was piled up before being transferred into 1 m3 flexible intermediate 
bulk containers (FIBC).

2.2 Methods

2.2.1 Sample preparation
The RC fractions investigated are produced in an optimised crushing process from a course RCA fraction 
(>10 mm) which was obtained by screening the initial recycled concrete (RC) on a Mogensen 5 deck 
sizer (model: 0554), fitted with an effective screen mesh of  10.0 mm under a 15˚ angle, running with an 
8 mm amplitude of  linear vibration at a 45˚ angle. Consecutively, the course RCA was crushed with a jaw 
crusher-based crusher explicitly designed for concrete recycling with the aim of  producing RCA with a high 
degree of  HCP removal. The sampling of  the processed material was done in accordance with EN 932-1 
[13] from the output conveyor of  the crusher. Prior to further testing, the material was oven-dried at 105 
°C to a constant mass. In accordance with EN 933-1 and EN 933-2 [14,15], the materials was dry sieved, 
determining its particle size distribution (PSD). Additional to the mesh sizes described in EN 933-2 [15], 
intermediate sieves following the same logarithmic distribution were added: 91 µm, 180 µm, 355 µm, 710 
µm, 1.4 mm, 2.8 mm, 5.6 mm, 11.2 mm, and 22.4 mm.

2.2.2 Composition tests
The elements in the materials (computed as oxides) were determined by energy-dispersive X-ray fluorescence 
(EDXRF) using a PANalytical Epsilon 3 instrument (a 9 W / 50 kV rhodium X-ray tube, a silicon drift 
detector) equipped with Omnian software 1.0.E (PANalytical). The samples for EDXRF were 40-mm 
fused beads prepared from pre-dried powdered samples, 0.95 g, with a 67.00% Li2B4O7 – 33.00% LiBO2 
flux, 9.50 g; and 0.32 ml of  a 4 M LiBr solution as a non-wetting agent using a LeNeo fluxer (Claisse) at 
1065 °C with Pt-Au crucibles.

The loss on ignition (LOI) of  the materials was determined according to EN 196-2:2005 [16], yet measuring 
the mass loss of  samples at 1000 °C instead of  950 °C to a constant mass in accordance with [17]. The 
additional thermal analysis using a Netzsch STA 449 F1 Jupiter was performed by thermogravimetric 
analysis (TGA) to determine the mass loss for specific temperature intervals and by differential scanning 
calorimetry (DSC) to determine the quartz content of  the various size fractions. At about 573 ºC, the 
endothermal crystalline phase changes from α-quartz to β-quartz without loss of  mass [18]. The thermal 
analysis was performed in Pt crucibles in inert atmosphere (N2) up to a maximum temperature of  1000°C. 
The peak area on the DSC curve of  both the heating and the cooling step of  20 ºC / minute was analysed 
and correlated to measurements of  samples containing a known amount of  α-quartz, quantifying the quartz 
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content of  the measured samples. In contrast to prior studies, pure quartz is used for the calibration since 
the quartz content of  the original aggregates used is unknown [4,19–21].

3. Results and discussion

Figure 1 shows the particle size distribution and of  the recycled concrete used in this study. Further on, the 
complete 0-45 mm particle size range will be used and the individual narrow size fractions will be quantified 
in terms of  their composition and HCP and aggregate content.

Figure 1 PSDs of  the recycled concrete used 

Since ENCI, currently a subsidiary of  the Heidelberg Cement Group, was founded in 1926 and is the 
longstanding leader on the Dutch cement market, it is highly likely that ENCI cement was used for the 
production of  the concrete. The earliest chemical composition which could be retrieved was from 1982 
(Table 1). According to ENCI, this chemistry is similar to the cement which was produced in 1967. Both 
the clinker used in 1967 and 1982 was produced in the same wet clinker ovens 5, 6 and 7. 

Figures 2 and 3 show respectively the oxide compositions determined by XRF of  the recycled concrete 
samples for the main (Al2O3, SiO2, CaO, and Fe2O3) and minor oxides (MgO, SO3, K2O, TiO2, and MnO) 
for the oxides in common with the cement oxide composition (Table 1). Corresponding LOI is given in 
Figure 5.

Figure 2 Al2O3, SiO2, CaO, and Fe2O3 content of  all RC fractions vs. particle size 
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Table 1 Cement composition, ENCI CEM I 1982

MgO Al₂O₃ SiO₂ SO₃ K₂O CaO TiO₂ Cr₂O₃ MnO Fe₂O₃ LOI

1.71 5.64 21.54 3.02 0.81 63.01 0.30 0.00 0.05 3.02 0.90

CaO shows a relatively constant decrease in content with an increase in particle size until it reaches a 
near stable value in particles larger than 5.6 mm, while SiO2 shows an opposite trend. In the Netherlands, 
siliceous river aggregates are commonly used, therefore, these trends can indicate relatively clean aggregates 
and a concentration of  cement stone in the fines. Even though visual inspection of  the aggregates supports 
this theory, the absence of  non-siliceous aggregates or siliceous fillers cannot be assured, making the 
quantification of  the quality of  liberation based on SiO2 or CaO content uncertain. Other oxides might 
also not be used as cement specific tracer since Al2O3 and MgO can occur in natural aggregates, Fe2O3 
content can be altered by contamination from either rebar or processing, and the deviations between the 
different samples for K2O, TiO2, and MnO can be within the measurement error of  the equipment used. 
SO3, however, can be used as a cement specific tracer oxide since the initial RCA is clean (from e.g. gypsum) 
and it is an element unlikely to be found in natural aggregates in the Netherlands. Through the oxide 
composition of  the unhydrated cement and the SO3 content of  the RCA sample, the initial cement content 
is calculated (Figure 4). 

Figure 4 Calculated content of  cement of  all RC fractions vs. particle size
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The thermogravimetric analysis of  all fractions gave information about the mass losses at various 
temperatures, which can be correlated to the content of  portlandite, calcite, and chemically bound water 
in the hardened cement paste for each sample [5,22]. Figure 5 shows the associated mass loses. It can be 
observed that the trend obtained for the cement content in Figure 5 correlates to the one of  the total LOI 
at 1000 ºC. The contents of  portlandite and calcite can also be used to estimate the total hardened paste 
content of  each fraction, but large uncertainties can be introduced by the presence of  limestone aggregates 
or fillers, and through the carbonation of  the HCP. Since the values for the portlandite content were lower 
than expected for uncarbonated pastes, it was decided to recalculate the carbonate content as portlandite, 
in order to account for the degree of  carbonation of  the samples. 

Figure 5 LOI for Ca(OH)2, CaCO3, and total LOI (1000°C) of  all RC fractions vs. particle size

Figure 6 Estimated composition of  all RC size fractions considered. HCP comprises: Ca(OH)2, 
residual cement paste, and residual bound water. Aggregates include: quartz and residual aggregate 
contents

From the DSC measurements, the quartz content of  the samples can also be accurately determined [22]. 
This will also be presented separately, and together with the so-termed residual aggregates, make up the 
complete aggregate fraction for each sample.
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Collecting all the data presented above, Figure 6 shows the estimated composition of  all considered recycled 
concrete size fractions. Here, a trend can be observed for the contents of  HCP and aggregates of  the 
samples with particle size. The content of  HCP is highest for the finest particles, and then diminishes up to 
a particle size of  11.2-16.0 mm. For larger particles, a slight ascending trend can be observed for the HCP 
content. An opposite trend can be observed for the aggregate content of  all samples. These findings are in 
line with the ones in [22], and the shift in trends >16.0 mm can be explained by the maximum aggregate size 
of  the initial concrete. Once the size of  the RC fraction produced exceeds this maximum size, the material 
contains more HCP, approaching the composition of  the overall initial concrete for the largest fractions. 

4. Conclusions

Based on the presented results and discussion it can be concluded that the proposed method is able to 
estimate the amount of  hardened cement paste (HCP) attached to the original aggregates, solely based on 
its oxide composition. By using an oxide tracer in the cement, in contrast to other methods, this method 
is independent of  the composition of  both aggregates and fillers, making it suitable for a wide range of  
applications, given that the recycled concrete (RC) is clean.

Furthermore, the presented data shows that, out of  RC, the optimised crushing method used is able to 
produce gravel and sand fractions which are cleared from HCP, a fine fraction enriched in HCP, and an 
oversized fraction (<15 wt. %) suitable for refeeding to the crushing process.

The data presented here is part of  a larger study, which includes correlations between the bound water and 
various hydrated products, as well as a mineralogical study of  the aggregates. The proposed method of  
using the sulphate content as a tracker for the initial cement percentage of  an RC sample is then tested and 
validated on other recycled concrete compositions and sized, and the results compared to a complete panel 
of  chemical and physical characterization.
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Abstract

This study investigates the suitability of  municipal solid waste incineration bottom ash granulates as 
natural aggregate replacement in concrete mixes. Bottom ash is a heterogeneous material, consisting of  
glass particles, synthetic ceramics fragments, minerals (quartz, calcite, lime, feldspars), paramagnetic and 
diamagnetic metals and unburnt organic matter. The proportion of  these constituents can vary with the 
particle size and will affect the properties of  the final concrete mix. The separation and washing techniques 
also influence both the particle size and constituent proportions of  the MSWI bottom ash. Therefore, 
different size fractions of  bottom ash granulates were studied, with various dimension ranging between 0 
and 20 mm. These were further separated into smaller particle ranges, and their chemical and mineralogical 
composition studied. Leaching tests were performed on different size fractions, along with quantifying the 
aluminium content. The water content and density of  all materials was measured. Based on this information, 
new mortar and concrete recipes were designed and tested for mechanical and environmental properties. 
The results show that this type of  material can be used successfully as aggregate in concrete recipes.

Keywords: MSWI, bottom ash, treatment, concrete, leaching

1. Introduction

Municipal solid waste incineration (MSWI) plants generate several types of  solid residual materials. Typical 
residues of  MSWI by grate combustion are bottom ash, boiler ash, fly ash and air pollution control (APC) 
residues, among others. Boiler ash represents the coarse fraction of  the particles carried over by the flue 
gases from the combustion chamber, while fly ashes are made up of  the fine particles in the flue gases 
downstream of  the heat recovery units. APC residues include the fine material captured prior to effluent 
gas discharge into the atmosphere. 

Bottom ash contains elevated concentrations of  Br-, Cu, Mo, Sb, Cl- and SO4
2-, among others. Certain waste 

particles contain large concentrations of  contaminants, which can lead to higher emissions. Experimental 
research has shown that the largest part of  the contaminants (heavy metals) is absorbed by the smaller size 
bottom ash particles (sludge). Chimenos [1] quantified the metal content of  bottom ash by particle size, 
concluding that the concentrations of  Pb, Zn, Cu, Mn, Sn, Cr, Ni and Cd all peak in the 0-2 mm fraction 
and continue to decrease steeply in bottom ash particles in the 2-6 mm fraction; larger particles have much 
lower metal concentrations. Mueller et al. [2] also studied the distribution of  certain contaminants in the 
bottom ash. Acid and water soluble chlorides and sulphates, as well as aluminium were found to decrease in 
concentration with the increase of  particle size. The leaching of  chlorides and sulphates, as well as of  ionic 
species of  Cu and Sb are evaluated in [3].

Upgrading MSWI bottom ash to a new building material is a sustainable approach which leads to lower 
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landfilled quantities of  the material as well as reducing the demand for natural aggregates in concrete. In 
order to obtain a suitable building material from the bottom ash, a complex sequence of  treatment steps 
is necessary. These treatment steps include fractionation, metal recovery (both ferrous and non-ferrous), 
screening and wet cleaning of  the bottom ash into a clean granulate fraction. The use of  bottom ash particles 
as aggregates in mortars and concretes have been studied in literature. Al-Rawas et al. [4] used bottom ash 
as sand replacement in mortars, up to 40% of  natural sand; all samples achieved a higher compressive 
strength than the reference after 28 days. However, the slump of  the samples decreased significantly with 
the increase of  bottom ash use.

The use of  bottom ash as concrete aggregate is also investigated by Müller and Rübner [2]. Two mechanisms 
are identified as the cause of  durability issues in concrete containing bottom ash- the reaction of  metallic 
aluminium in bottom ash with the alkali environment, and the possibility of  ASR. Pera et al. [5] used 
4-20 mm bottom ash as aggregate in concrete. The study found that bottom ash has a lower density, a 
higher water demand and lower strength than natural gravel. Moreover, the main detrimental factor was 
the content of  metallic aluminium. It is concluded that, if  the bottom ash is alkali-treated to remove the 
metallic aluminium, it can be used as 50% replacement of  aggregates in concrete without affecting the 
durability. The review in [6] concluded that concrete incorporating bottom ash as 50% replacement of  
aggregates can achieve a 28 days compressive strength of  25 MPa. Courard et al. [7] proposed the use 
of  bottom ash as aggregate in concrete pavement tiles; the conclusion is that a sufficiently aged bottom 
ash (minimum six weeks) that has undergone post-incineration treatment (removal of  ferrous parts and 
sieving) can be successfully used for this purpose. Moreover, sufficient compaction was deemed necessary, 
to compensate the higher water demand of  the bottom ash.

2. Treatment methods of  MSWI bottom ash granulates 

Sabbas et al. [8] summarize the possible treatments for bottom ash. The main classes of  such operations are 
physical and chemical separation, stabilization/solidification techniques and thermal treatment. The first 
category comprises a larger number of  possible treatment steps, which are commonly used in combination 
to treat bottom ashes: size separation, magnetic separation, eddy current separation, washing, chemical 
extraction/precipitation etc. The second category comprises weathering (aging) of  the bottom ash, as well 
as the use of  binders for immobilizing contaminants. Santos et al. [9] concluded from a literature review 
that a weathering step reduces the leaching of  Pb, Mo and Zn from bottom ash, but it is not useful in the 
case of  Cr, Cu and Sb. Mangialardi [10] found that a washing step is capable of  removing the contaminants 
(Al, Cd, Pb, Zn) through two different mechanisms: precipitation of  aluminium hydroxide and adsorption 
of  cadmium, lead and zinc ions onto flock particles of  Al(OH)3.

Three treatment sequences were used to generate the materials investigated in this study. All final treated 
bottom ash fractions are termed FCG, and referred to by their particle sizes. A first material, termed FCG 
0-8, was selected from bottom ash treated following a 3-steps process. An improved line of  treatment was 
used to generate a 2-20 mm fraction, referred to as FCG 2-20. The differences between the treatment stages 
and the obtained granulates will be described in detail in the following section.

2.1 Phase 1 of  bottom ash treatment  
The  first cleaning treatment of  bottom ash comprised five steps, which include both physical and chemical 
separation steps, as classified in [8]: 

Step 1. Weathering fresh MSWI bottom ash

The fresh material is weathered for around 6 months. Weathering reduces the quantitative leaching of  heavy 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

844

IC
SBM

 2019
ID

 156

metals (e.g. copper) and further reduces the reactivity of  the material.

Step 2. Dry separation MSWI bottom ash 

Bottom ash from the depot is first treated by extracting the large fraction of  ferrous metals < 400 mm 
(overhead magnet). The generated bottom ash fraction is crushed to obtain a 0-40 mm fraction. 

Step 3. Dry separation and metals recovery 

The fraction 0-40 mm is treated with overhead magnets and separated in many smaller fractions. The 
fractions are treated with overhead magnets and with 3 eddy current magnet systems for optimal recovery 
of  non-ferrous metals. Organics and plastics are largely recovered. All mineral fractions are mixed together 
generating one mineral granulate fraction 0-40 mm. A 0-8 fraction of  the bottom ash is separated after this 
stage, which will be investigated further under the name of  “FCG 0-8” in order to show the relevance of  
the washing step on the whole treatment phase.

Step 4. Wet separation and washing treatment

The mineral bottom ash fraction 0-40 mm is treated in a mobile washing plant. The input fraction is firstly 
separated from ferrous parts with overhead magnet and then split into four fractions: an organic floating 
fraction, a 0-63 µm sludge, a fine granulate 63 µm-2 mm fraction and a coarse granulate fraction 2-40 mm. 
The organic fraction is reused in the incineration process. The sludge fraction contains the largest amount 
of  heavy metals and salts. The wet cleaning technique is based on concentrating the potential contaminants 
from the input fraction into the sludge fraction. The fine granulate fraction is more or less a sandy fraction 
and the coarse fraction is a stony/glassy granulate fraction. The washing water from the washing plant 
is treated and filtered and reused within the process. No process water discharge is needed. The washed 
granulate fraction 2-40 mm is further treated with the mobile ferrous and non-ferrous unit.

Step 5. Final treatment of  the bottom ash granulate 

The total washed fraction 2-40 mm is treated with overhead magnet reducing the total of  small ferrous 
particles. In addition, extra non-ferrous metals are recovered with an eddy current system. 

This final material is then separated in three fractions: a 0-8 mm, an 8-16 mm and a 16-40 mm. 

2.2 Phase 2 of  bottom ash treatment  
Freshly produced MSWI bottom was also treated on site to produce a new building material. The initial 
fresh bottom ash consists of  80% mineral material (sintered ash, stone, glass and ceramics), 5-13% ferrous 
metals, 2-5% non-ferrous metals (Cu, Al, Zn, Pb) and 1-3% unburnt organic material (paper, textiles, 
plastic). The final fraction is a 2-20 mm heterogeneous aggregate, which is called FCG. The treatment 
process is a combination of  dry and wet separation techniques [11-13], which can be divided into five 
separate steps. Since these five steps present multiple differences from the two treatment lines presented 
above, they will be described again in detail.

Step 1. Weathering of  fresh MSWI bottom ash

Freshly produced bottom ash (a batch of  1000 t) is transported from the MSWI incineration towards a 
depot. The fresh material is weathered for around 3 months. Longer weathering can strongly influence the 
further oxidation of  ferrous and non-ferrous metals. 
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Step 2. Dry separation MSWI bottom ash 

The weathered bottom ash is first treated by extracting the large fraction of  ferrous metals < 400 mm using 
an overhead magnet. The generated bottom ash fraction is separated with a drum sieve (60 mm mesh) in 
two fractions, particles under 31.5 mm and above 31.5 mm. Both fractions are again treated by extracting 
the large fraction of  ferrous metals using 2 overhead magnets. The fraction 0-31.5 mm is the input material 
for the 3rd step and is further treated, extracting large non-ferrous metals, large minerals e.g. stones and slag 
and the large unburnt organic fraction.

Step 3. Wet separation and washing treatment

The mineral bottom ash fraction 0-31.5 mm is treated with a mobile wet separation-washing plant; this step 
is similar to Step 4 presented in the case of  FCG 0-8, with the difference that in this process the maximum 
particle size is 31.5 mm instead of  40 mm.

Step 4. Dry separation and metals recovery washed granulate 

The washed granulate fraction 2-31.5 mm is treated with an overhead magnet for the separation of  ferrous 
metals and separated in two fractions: 2-16 mm and 16-31.5 mm. Both fractions are treated with an overhead 
magnet and additionally with a cascade double sequenced eddy current magnet system for optimal recovery 
of  non-ferrous metals. A separation into two divided partial fractions is needed, creating more favourable 
particle size fractions and particle densities, which is needed for an optimal non-ferrous recovery. The 
fraction 16-31.5 mm is additionally treated (handpicked) for the recovery of  stainless steel. Both fractions are 
mixed together generating one mineral granulate fraction. Step 4 is the final treatment step for introducing 
the granulate (non-shaped) building material as base material for the road and construction industries. 
However, an additional step is necessary for generating a material which is usable as concrete constituent.

Step 5. Final treatment of  the bottom ash granulate (for application in concrete)  

The final fraction of  Step 4 can be additionally treated for application in concrete. The total fraction is 
treated with a drum magnet, reducing the amount of  small ferrous particles, which would interact with 
the cementitious matrix when applied in concrete and thus lead to a change in colour of  the product. In 
addition, extra non-ferrous metals are recovered with a double sequenced eddy current system. The total 
fraction is finally sieved (mesh 22 mm) into a final granulate fraction 2-20 mm. The final FCG fraction 
contains 55-60% SiO2, ~ 10% CaO and ~ 6% Al2O3, which is close to other secondary building materials 
used in concrete. This fraction will be investigated further in this study, and referred to as FCG 2-20.

2.3 Leaching behaviour of  the MSWI bottom ash granulates
An important analysis for secondary building materials which needs to be performed in order to establish 
their possibility of  use as building materials is the leaching of  contaminants. In the Netherlands, the 
legislative document that regulates the use of  building materials is the Soil Quality Decree [14]. 

The leaching results, determined following the requirements of  the NEN 7375 standard [15] for the two 
considered fractions, FCG 0-8 and FCG 2-20 mm are shown in Table 1. The aim of  the treatment of  the 
bottom ash was to achieve either the acceptable emissions of  non-shaped building materials for FCG, or 
the requirements of  shaped materials for prefab concrete containing FCG.

The FCG 0-8 was expected to be the most contaminated step, due to its least sophisticated treatment 
method, as well as to its smallest particle size. Its leaching of  contaminants is within the norm [14], except 
for antimony, chlorides and sulphates (5 times higher than the accepted limit). 
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Table 1 Leaching data of  the FCG 0-8 and 2-20 fractions, which can be compared to the maximum levels 
for non-shaped materials, as demanded by the Soil Quality Decree [14].

Contaminant
FCG 
0-8

(mg/kg)

FCG 2-20 (mg/
kg)

Non-shaped 
materials (mg/

kg)

Antimony (Sb) 0.34 0.41 0.32

Arsenic (As) < 0.050 0.1 0.9

Barium (Ba) < 0.60 0.28 22

Cadmium (Cd) < 0.0010 0.01 0.04

Chromium (Cr) 0.052 0.1 0.63

Cobalt (Co) < 0.030 0.1 0.54

Copper (Cu) 0.2 0.13 0.9

Mercury (Hg) 0.0005 0.005 0.02

Nickel (Ni) < 0.050 0.1 0.44

Molybdenum (Mo) 0.61 0.36 1

Lead (Pb) < 0.10 0.1 2.3

Selenium (Se) 0.029 0.039 0.15

Tin (Sn) < 0.030 0.1 0.4

Vanadium (V) < 0.20 0.1 1.8

Zinc (Zn) < 0.30 0.2 4.5

Bromide (Br-) < 0.50 4.1 20

Chloride  (Cl-) 3000 690 616

Fluoride (F-) 5.5 72 55
Sulphate (SO4

2-) 6400 2300 1730

The elements that had leaching values close to the limit (mainly Cu and Br) have shown a clear decrease 
after both Step 3 and Step 5 of  the treatment. Chlorides and sulphates, as well as Sb, have decreased by a 
considerable percentage, but are still above the legal limit. The leaching of  these elements makes the use 
of  FCG 2-20 only possible as concrete aggregates when used in prefab concrete elements, because the 
contaminants will be bound by the cementitious matrix and the “shaped materials” limits will apply.

3. Materials used in concrete mixtures

3.1 Powders
The particle size distributions (PSDs) of  the employed powders were analysed using a Mastersizer 2000 
laser granulometer. The obtained PSDs, were used in the mix design process, as detailed in Section 5.1. 
CEM III/B 42.5N was used in testing the FCG 0-8. CEM II/A-LL 42.5 was used for the FCG 2-20 mix. 
These PSDs can be found in Figures 1 and 4.

3.2 Aggregates
All aggregates were used as-received in the test program, in wet conditions as this is the case in practice. 
However, the water content was determined for each aggregate fraction, by drying at 105 ± 5ºC for 24 
hours. These values were taken into account when designing the mixes for the test program. The water/
cement ratio of  the mix was adjusted to take into account the water content of  each aggregate type. Table 
2 summarizes the water content of  each of  the considered aggregates. 
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Table 2. Physical properties of  all aggregates used (*estimated value).

Material Water content
(% initial mass)

Water content
(% d. m.)

Dmin
(μm)

Dmax
(μm) Density (g/cm3)

Sand N1 0.05 0.05 128 125 2.65
Gravel G1 0.10 0.10 275 5600 2.65
Gravel G2 0.10 0.10 710 8000 2.65
FCG 0-8 12.65 14.48 60.3 8000  2.45*
FCG 2-20 1.69 1.72 63 22400 2.41
Sand S1 3.40 3.52 125 8000 2.64

Gravel G3 3.38 3.50 125 16000 2.57
Gravel G4 0.89 0.91 2000 22400 2.57

Commercially available natural aggregates were used as reference for the test program. A 0-2 sand (Sand 
N1), a 2-8 gravel (Gravel G1) and an 8-16 gravel (Gravel G2) were selected. The PSD of  these aggregates 
were determined through dry sieving (Figure 1), and the results used in the mix design algorithm. In a 
further step, certain percentages of  these aggregates were replaced by FCG with the same PSD range.A 
second test program is centred on the use of  FCG 2-20 as prefab concrete constituent; the recipe designed 
using this material is compared with a reference one, which contains three types of  aggregates: a natural 
sand termed N3 and two gravel types termed G3 and G4. The properties of  these aggregates are also 
included in Table 2.

4. FCG 0-8 results

The FCG fraction 0-8 generated through the treatment phase 1a was used in the first part of  the test 
program on laboratory scale. Figure 1 presents the cumulative particle size distributions of  all materials 
used in the first part of  the tests, together with the computed target PSD and the actual mix PSD. These last 
two curves were obtained using an optimization algorithm [16]. Using this algorithm, the deviation between 
the optimal distribution and the actual one can be calculated. The ideal case would be reached when the 
value of  the deviation equals zero. The purpose of  the optimization is to lower the value of  the deviation 
as much as possible. The R2 value, which is another measure of  how well the composed mix matches the 
target line, is included for each composed mix in its description (Table 3).

4.1 Composition of  the designed mixtures
In order to assess the suitability of  FCG as aggregates replacement, 9 different concrete mixes were 
prepared, which follow two optimized recipes. For each mix, four batches were prepared, each batch for 3 
test specimens. 

Table 3. Proportion of  the FCG 0-8 as aggregate replacement for the 9 mixes, and the deviation of  
each mix from the target PSD.

% FCG 0-8 Deviation R2

Recipe 1

Mix 1 0 1658.5 0.908
Mix 2 10 1500.4 0.933
Mix 3 15 1438.2 0.935
Mix 4 25 1428.6 0.935

Recipe 2

Mix 5 0 968.7 0.946
Mix 6 10 917.1 0.959
Mix 7 15 892.4 0.960
Mix 8 25 859.4 0.961
Mix 9 35 825.8 0.962
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Table 3 presents the composition of  all these mixes, with regard to the replacement levels of  FCG 0-8. The 
replacement levels used were 0, 10, 15 and 25% FCG 0-8 on Recipe 1 (with Mix 1 as reference) and 0, 10, 
15, 25 and 35% FCG 0-8 on Recipe 2 (with Mix 8 as reference). FCG 0-8 has a PSD between the ones of  
the Sand N1 and the Gravel G1. Because of  this, the replacement using FCG 0-8 will be done by replacing 
65% of  the sand and 35% of  the gravel, as FCG 0-8 has 65% of  its particles under 2 mm.
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Figure 1. Example of  target l ine determined using the optimization algorithm, for the reference 
mixes of  a. Recipe 1 and b. Recipe 2.

The two columns “Deviation” (integrated area between the target line and the actual PSD curve of  the 
chosen mix) and “R2” (the coefficient of  determination) included in Table 3 are methods of  measuring 
the fit between the target line computed using the optimization algorithm and the actual recipe grading 
curve. The lower the deviation or the higher R2 is, the better the packing of  the mix. Because the difference 
between the qualities of  the mixes is easier to compare on the deviation value, rather than on R2 which can 
have very similar values (see Table 3), the deviation will be used from now on as a measure of  the particle 
packing quality. Figure 1 shows an example of  the output of  the optimization algorithm, in which the 
difference between the two designed mixes (Recipe 1-Mix 1 and Recipe 2-Mix 5) can be observed.
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According to the deviation values of  the mixes, the replacement of  natural aggregates by FCG 0-8 should 
be beneficial for the mix, as the packing density improves. Therefore, mixes 2-4 and 6-9 are expected 
to perform slightly better than the initial mixes (1 and 5). However, the packing density is not the only 
influencing factor for the final strength of  the samples, as the properties of  the FCG also can play an 
important role.

It was observed during the preparation of  the samples that the mixes became increasingly stiffer as the 
proportion of  FCG 0-8 was increased. The standard compaction method did not produce optimum results, 
as in the case of  the reference recipes. The water addition should be therefore adjusted to the higher water 
demand of  the FCG aggregates. In the current test, the same water to cement ratio was used for all samples, 
in order to ease the comparison between the results. The distribution modulus q was chosen to be 0.3.

Table 4 summarizes the amount of  each component for a batch of  concrete for Recipes 1 and 2. The 
amount of  water is already corrected for the water content of  the aggregates. All samples were mixed, 
mould and cured according to the EN 196-1 standard [17].

4.2 Mechanical strength results
In this section, graphs comparing the compressive and flexural strength of  all composed mixes (Table 3) 
will be shown and discussed. Figures 2 and 3 correlate the compressive and flexural strengths of  Mixes 1-4 
and Mixes 5-9 respectively with the level of  FCG 0-8 replacement in the mix.

Table 4. Proportion of  each component in kg/m3 of  concrete for Recipe 1 and Recipe 2 reference 
mixtures.

CEM III/B 42.5 Sand N1 Gravel G1 Gravel G2 Water

Recipe 1 263 668 669 283 131

Recipe 2 281 842 749 - 170

In the case of  the compressive strength (Figure 2a), an addition of  10% FCG is beneficial, the results being 
slightly better than for the reference mix at all 3 test dates: 3, 7 and 28 days. For a replacement of  15% FCG 
0-8, a decrease of  approximately 10% in compressive strength can be observed. This is still encouraging 
since the strength decrease is slightly lower than the aggregate replacement level. For the 25% FCG 0-8 
however, the decrease in compressive strength is more significant.

Similar results can be seen from Figure 2b, which depicts the average flexural strength of  Mixes 1-4 for 
the test dates of  3, 7 and 28 days. The increase in strength for the 10% FCG 0-8 replacement is even more 
pronounced than in the case of  compressive strength, but also the decreases at 15% and 25% FCG 0-8 
are higher. These results indicate that a 10% replacement of  natural aggregates with FCG 0-8 is beneficial 
for the mix, and a 15% replacement can still be accepted. However, a higher replacement level (in this case 
25%) is detrimental to the mechanical properties of  the concrete mix.

Figure 3 shows the strength development of  the mixes based on Recipe 2 (Table 3), which is optimized 
for the replacement of  FCG 0-8. It needs to be mentioned that, as it can be seen in Table 4, Recipe 2 has a 
6.8% higher cement content, and also a higher water/cement ratio than Recipe 1. These factors influence 
the final mechanical properties, but the following comparison between the latter will highlight differences 
which are much higher than what can be expected through just the increased cement content and therefore 
must also be due to the type of  aggregates employed.
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In the case of  compressive strength (Figure 3a), the replacement of  up to 25% of  the natural aggregates 
did not affect the results obtained after 3 days of  curing. For the 7 and 28 days tests, a decrease is observed 
for the 10 and 15% FCG 0-8, but the strength stays the same for the mixes with 25% and 35% FCG 0-8. 
For the mix with 35% FCG 0-8 the results for 3 and 7 days are slightly below the ones obtained from Mixes 
2-4 (Figure 2a), but the strength attained after 28 days is with approximately 70% higher in the case of  Mix 
8 (Recipe 2, 25% FCG 0-8), as can be seen in Figure 3a.
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Figure 2. a. Compressive and b. f lexural strength for 0-25% FCG 0-8 replacement by mass in Recipe 
1 (Table 3).

The compressive strength of  Mix 4 (Recipe 1, 25% FCG 0-8) is similar to the one of  Mix 9 (Recipe 2, 
35% FCG 0-8) after 28 days. This shows that Recipe 2 is better suited for the replacement of  FCG 0-8 
aggregates, and also that this can be further improved. In Figure 3b, a comparable trend can be observed in 
the case of  flexural strength for the 3 days tests- a replacement of  up to 25% FCG 0-8 does not influence 
the results significantly. The decrease after 7 and 28 days is more visible, but still it is not greater than 10%.  
Again, for the mix with 35% FCG 0-8 there is a sudden decrease in strength. When comparing to the results 
obtained for Mixes 2-4 (Recipe 1, Table 4), the same trend as in the case of  compressive strength can be 
observed. Also here, the 35% replacing of  natural aggregates with FCG 0-8 gives the same strength as Mix 
4 (25% FCG 0-8, Recipe 1) after 28 days, and much higher values for the replacement level of  25%.
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Figure 3. a. Compressive and b. f lexural strength for 0-35% FCG 0-8 replacement by mass in Recipe 
2 (Table 3).

The decrease of  strength that can be observed can be in a large part explained by the higher water demand 
of  the FCG, as drier mixes are harder to compact, and a lower degree of  compaction will lead to decreased 
compressive strength. Adjusting the water to cement ratio with the replacement level of  natural aggregates 
by FCG can solve this issue. 
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5. FCG 2-20 results

5.1 Concrete design
The bottom ash granulates FCG 2-20 obtained at the end of  the treatment were used in a concrete mix 
designed for kerb stones to replace 20% of  the aggregates. 

The initial reference mix was composed of  13% cement (a CEM II/A-LL 42.5) and three types of  
aggregates: a 0-4 mm natural sand (termed N3) and two gravel types, a 2-8 mm (termed G3) and an 8-16 
mm (termed G4), shown in  Figure 4. The ratio of  the aggregates N3:G3:G4 by mass in the reference 
sample is 1:2:3. Out of  the total volume of  the aggregates, 20% was replaced by FCG 2-20, and the recipe 
adjusted to keep the same cement/aggregates and water/cement ratios. 
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Figure 4. Particle size distributions of  all used aggregates.

5.2 Mechanical strength results
The kerb stones produced had the dimensions of  1000 x 200 x 100 mm. The total production of  this pilot 
test was of  5.5 m3 of  concrete- about 275 kerb stones. From these elements, cylinders of  100x100 mm were 
drilled and tested for compressive strength. The flexural strength was tested according to EN 1340 [18], 
except for the curing requirements. 
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Figure 5. a. Compressive and b. f lexural strength of  the hardened samples.

The stones were kept in storage under usual factory conditions (15-18ºC, 47-67% relative humidity) until 
the test date. Figure 5 shows the strength development of  the reference sample (termed “reference”) and 
the FCG-containing stones (termed “sample”). At early ages (1 and 7 days), the compressive strength loss 
of  the sample containing 20% vol. FCG was 17-18% of  the reference concrete. However, after 35 days, 
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this difference was of  only 11%. The flexural strength, which is the most important parameter in the case 
of  kerb stones, had an even more promising behaviour. At early ages, the loss of  flexural strength was of  
only 5.1-5.5%, and after 35 days the FCG-containing kerbs reached the same flexural strength values as the 
reference concrete. After 56 days, the FCG-sample reached a flexural strength higher with ~ 10% than the 
reference sample. 

5.3 Leaching results

The two designed earth moist kerb stone recipes were tested for leaching after 64 days, as required by [14]. 
Table 5 presents the obtained values on both the shaped kerb stones (in mg contaminant/m2 sample) and 
the crushed blocks (in mg contaminant/kg sample). The maximum values required by the Soil Quality 
Regulation [14] for non-shaped materials can be found in Table 1. 

Table 5. Leaching data of  the kerb stones (reference mix and 20% FCG 2-20 mix).

Contaminant Crushed reference
(mg/kg d.m.)

Crushed sample
(mg/kg d.m.)

Shaped reference
(mg/m2)

Shaped sample
(mg/m2)

Shaped materials 
[14] (mg/m2)

Antimony (Sb) 0.017 0.01 0.4 0.4 8.7
Arsenic (As) < 0.05 < 0.05 4.0 4.0 260
Barium (Ba) 4.5 6.6 19 20 1500

Cadmium (Cd) < 0.001 < 0.001 0.1 0.1 3.8
Chromium (Cr) 0.1 0.08 4.0 4.0 120

Cobalt (Co) 0.04 0.04 2.4 2.4 60
Copper (Cu) < 0.05 0.33 4.0 4.0 98
Mercury (Hg) < 0.0004 < 0.0004 0.0 0.0 1.5
Nickel (Ni) < 0.05 < 0.05 4.0 4.0 81

Molybdenum (Mo) 0.012 0.021 0.8 0.8 144
Lead (Pb) < 0.1 0.82 8.0 8.0 400

Selenium (Se) < 0.007 < 0.007 0.6 0.6 4.8
Tin (Sn) < 0.02 < 0.02 1.6 1.6 50

Vanadium (V) < 0.1 < 0.099 8.0 8.0 320
Zinc (Zn) < 0.2 < 0.2 16 16 800

Bromide (Br-) < 0.5 < 0.5 2 2 670
Chloride  (Cl-) 18 41 88 80 110000
Fluoride (F-) 3 3.2 128 96 2500

Sulphate (SO4
2-) 30 26 960 960 165000

The fact that the leaching of  all contaminants was under the required legal limit, for both the shaped and 
the crushed samples confirms the fact that the combination of  cleaning treatments and incorporation of  
the FCG 2-20 in a concrete matrix renders the bottom ash granulates as appropriate aggregate for such 
products.

6. Conclusion and discussion

Bottom ashes from Dutch incinerators were investigated in this study, with the scope of  determining their 
suitability for use in concrete recipes. In the first part of  the study, a cleaned bottom ash fraction termed 
FCG 0-8 mm was applied as sand replacement in concrete recipes. It was shown that, using an optimized 
particle packing, the FCG 0-8 can be used to replace up to 25% of  the sand and gravel in the concrete 
mix without significant loss of  mechanical strength. In the second part of  this study, the FCG has been 
treated in order to obtain a suitable building material for concrete mixes or prefab elements. Five separate 
treatment steps were used in order to achieve this, consisting, among others, of  particle size separations, 
washing procedures and the removal of  ferrous and non-ferrous metals. The resulting fraction is termed 
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FCG 2-20 and contains less than 0.3% non-ferrous metals and less than 0.1% metallic iron. Almost all 
the contaminant leaching values were under the legal limits after the whole treatment process. However, 
because chlorides and sulphates still had a slightly raised leaching value, the material was used in the 
production of  shaped building blocks.  Kerb stones were produced using a 20% by volume replacement of  
the aggregates with FCG 2-20. The final aspect of  the kerb units did not differ from the reference samples. 
The compressive strength was slightly lower than expected, which can be explained by the non-standard 
curing conditions. The low relative humidity during curing has affected the strength of  the samples, since 
at low w/c ratios as employed in this study, the porous samples can easily dry out. Also, the cement used 
has a slow hydration rate, which will further delay the development of  strength. The strength results were 
extremely positive, with a flexural strength after 35 days of  the same level as the reference recipe. After 
56 days the flexural strength of  the FCG-containing sample reached a flexural strength 10% higher than 
the reference. This is an indication that the cement content of  the recipe can be lowered when using FCG 
instead of  natural aggregates, while keeping the flexural strength of  the sample to the same level. The 20% 
replacement of  aggregates is a sustainable option, by reducing the amount of  natural sand and gravel and 
by decreasing the need for cement (and therefore the CO2 footprint).  All in all, the FCG produced from 
upgraded and treated municipal solid waste incineration bottom ash have proven to be suitable for the use 
in prefab concrete such as kerb units.
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Abstract

In the current study, an air granulated converter slag has been characterized. It was granulated by pouring 
liquid slag in front of  a strong fan and the obtained granules were sieved into five different fractions of  
2mm, 1mm, 0,5mm, 0,25mm and <0,25mm in order to determine the influence of  the cooling speed, 
because small granules are cooled faster. Detailed bulk chemical and mineralogical composition of  every 
fraction was established by XRF (X-ray fluorescence) spectroscopy and powder-XRD (X-ray diffraction) 
with Rietveld refinement. One batch leaching tests according to EN 12457-2 were carried out and the 
supernatant analyzed by ICP-OES (Inductively coupled plasma-optical emission spectroscopy).The mineral 
phases present in the slag were divided into three main categories 1) common mineral phases of  slag 2) 
weathering products 3) contaminants. All fractions except <0,25mm exhibited high leaching values for 
chromium and vanadium. The smallest fraction <0,25mm showed low value of  chromium such as 0,11 and 
0,12 mg/kg while in case of  vanadium, it found to be less than detection limit of  the instrument.

Keywords: air granulated slag, cooling rate, dicalcium silicate, vanadium, chromium

1. Introduction

Steel slag is the main byproduct of  steel making. Steel slag is generated from lime and dolomite added 
in the basic oxygen furnace and forms when oxygen is blown onto the pig iron from the blast furnace 
to remove S (sulfur), P (phosphorus), C (carbon) and other constituents to produce crude steel. The so-
called converter steel slag differs from the slag produced in the blast furnace process [1-2]. It is estimated 
that the global annual production of  steel currently is more than 1.6 billion metric tons. The annual 
amount of  steel making slag lies in the range of  315Mt to 420Mt globally [3]. The modern integrated LD 
(Lindz-Donawitz)/converter steel plants mass produce around 90-100kg of  steel slag per tonne of  steel 
production. The cooling method and mineralogy determines the bulk properties of  slag such as major and 
minor elements, leachability, volume expansion, crushing strengths, abrasion resistance, all relevant for the 
recycling potential [4-5].

 Steel slag is utilized in the cement industry as aggregate for cement based products, raw material for iron 
correction of  clinker as well as admixture for cement base materials. The presence of  dicalcium silicate 
(C2S), tricalcium Silicate (C3S), tetracalcium-aluminoferrite (C4AF) and other mineral makes it a potential 
building material [6-7]. But the low cementitious characteristics form a barrier for civil application of  steel 
slag in cement. The overall utilization of  steel slag is still less than 30% after more than 50years of  research 
and many avenues have been investigated from cooling methods to post-processing of  slag [8-9].  
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The research has corroborated that there are low amounts of  C3S present in the slag, in most converter 
slags only dicalcium silicate exists. Thus steel slag can be considered  less hydraulic than Portland cement 
clinker being dominated by dicalcium silicate (40 to 60wt.% )instead of  C3S [10]. In addition the C4AF phase 
consists predominantly of  the ferric endmember, which is also less reactive than its aluminous counterpart 
[11]. When applying converter slag as SCM (supplementary cementitious materials), the main problem that 
restricts the utilization of  high amounts of  steel slag is low early age strength. To deal with this problem, 
various approaches have been reported such as mechanical activation, alkali activation and varying cooling 
condition (water quenching, dry granulation and air granulation of  slag) [11-12]. As a rule, the hydraulic 
activity of  a slag, structure and phase composition depends on the chemical composition and thermal 
history [13-14].

Prior to the effective utilization of  steel slag, the leaching behaviour needs to be investigated. Steel slag 
usually contain minor amounts of  heavy metals, in particular chromium and vanadium. The leaching 
behaviour of  slag is highly dependent upon the mode of  cooling (water quenching, air cooling and air 
granulation) and mineralogical composition. There have been studies showing that quenching of  electric 
arc furnace steel slag in water leads to less leaching of  toxic metals due to high amorphous content. In 
addition the glassy amorphous structure exhibits better chemical resistance toward decomposition by acid 
than the crystalline structure [15]. 

In the current studies, an air granulated converter steel slag has been taken from Tata Steel, the Netherlands. 
The converter slag was sieved into different fractions: 2mm, 1mm, 0,5mm, 0,25mm, <0,25mm to study the 
influence of  the cooling speed. Every fraction is characterized by XRF, powder XRD, Rietveld refinement. 
And detailed leaching behaviour has been observed with the one batch leaching test and ICP-OES.

2. Methodology

2.1 Materials
Air granulated slag was provided by TATA steel, the Netherlands. A sample was sieved into fractions: 
2mm, 1mm, 0,5mm, 0,25mm, <0,25mm for characterization as shown in Fig. 1. The bigger particle size is 
associated with a somewhat slower cooling rate while small particle cooled more rapidly.

Figure 1: Morphology of  air granulated slag sieved into different fractions. The smaller fractions 
c) 0,5mm d) 0,25mm and c) <0,25mm have contamination that can be observed with the naked eye.

A representative sample has been taken from every fraction of  granulated converter slag. For his purpose, 
a static sample splitter has been used. Prior to analysis, every sample was dried in oven at 100ºC.

2.2 Methods

2.2.1	 XRF	(X-ray	fluorescence):
The chemical composition of  every fraction of  granulated slag was determined with X-ray fluorescence (XRF; 
PANalytical Epsilon 3, standardless) using fused beads as shown in Table 2. Gain on ignition (GOI) was 
measured at 1000 °C until a constant mass was reached. For the preparation of  fused beads, the residue 
from the GOI was mixed with borate flux by keeping the sample to flux ratio (1:12) respectively, a mixture 
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of  67 % Li2BO7 and 33 % LiBO2 (Claisse). Moreover, 150 µL of  4 M LiBr was added to the mix as a non-
wetting agent. The mixture was placed in a borate fluxer oven (classisse leNeo) for 24 mins at 1065 °C. 

2.2.2 Powder-XRD (X-ray diffraction)
XRD diffractograms were measured with a Bruker D4 (Source: Co K α1 1,7901 Å and K α2 1,7929 Å, 
Detector: LynxEye, with variable slits) to understand the mineralogical composition of  air granulated 
slag of  every fraction. For phase recognition, X’Pert Highscore Plus with the ICDD PDF-2 database 
was employed. For quantitative analysis, an internal standard (Si: 10wt.% of  the total sample) was mixed 
homogenously with the sample. TOPAS 4,2 Bruker software was utilized for quantification.

2.2.3 ICP-OES (Inductively Coupled Plasma-Optical Emission Spectroscopy):
The ICP-OES has been used to analyze the leaching behaviour of  heavy metals quantitatively. An ICP-OES 
spectrometer (Spectroblue FMX36, Autosampler series: 121705A280, auxiliary gas flow) has been used 
for quantitative analysis of  leachate. Prior to measurement with ICP-OES, every leachate was subjected to 
acidification with nitric acid (65% suprapure) to ensure a pH value ≤2 at 21±3ºC. 

2.2.4 Sample Washing
To eliminate the potential foreign contamination of  slag sample during collection of  granulated slag, the 
surface dust of  the granules was removed with anhydrous isopropanol followed by diethyl ether. Only 
those contamination were removed by washing that had particle size smaller than the slag fraction. That’s 
why, the mass loss due to washing have fluctuating values as shown in Table 1. The anhydrous isopropanol 
is used to avoid any kind of  dissolution of  granulated slag. While diethyl ether is used to quick removal 
of  isopropanol. To eliminate all organic solvent, the sample is dried in oven at 40°C under vacuum. The 
sample is marked as washed (W) and not-washed (NW). For this purpose, the mass loss due to washing has 
been calculated as shown in following Table 1.

Table 1: Mass loss during organic washing of  air granulated converter slag.

Slag fraction Mass Loss (weight %)

2mm 1,6%

1mm 0,6%

0,5mm 17,7%

0,25mm 2,2%

<0,25mm 14,3%

2.2.5 Leaching Analysis
All fractions of  granulated slag have been contacted with deionized water with L/S=10 (10g in 100ml 
of  the deionized water). All the reactors were agitated horizontally at 300 rpm for 24h at 21±2ºC. After 
the experiment, the sample was filtered and stored at 5°C. For ICP-OES analysis, the supernatants was 
filtrated to 0,2µm (Polyethersulfone membrane). Additionally the pH of  each sample was measured. Prior 
to measure pH, the pH meter has been calibrated with buffer solution of  known pH at 20°C. 

3. Result and Discussion

The bulk composition of  every fraction of  granulated slag is shown in Table 2. The major oxides are CaO, 
Fe2O3, SiO2, MgO and Al2O3. From the above analyses, it appears that droplet size correlates with a higher 
calcium and silica contents, while the smaller granules appear to be more iron rich. 
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Table 2: Oxide composition of  granulated slag. 

aS,F (mm) MgO Al2O3 SiO2 P2O5 SO3 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 Total

2 8,2 4,1 13,6 1,2 0,8 44,9 1,4 0,6 0,2 4,2 20,8 100

1 8,3 3,4 13,4 1,2 1,4 44,9 1,4 0,7 0,2 4,2 21,0 100

0,5 8,0 6,0 13,2 1,2 0,5 43,3 1,4 0,6 0,2 4,1 21,6 100

0,25 6,1 8,5 17,5 0,8 0,7 32,8 1,2 0,5 0,2 3,1 28,4 100

<0,25 6,0 9,6 20,4 0,6 1,2 26,4 1,1 0,42 0,2 3,1 31,0 100

a=Slag Fraction 

3.1 Mineralogical Composition of  granulated slag
The mineralogical composition of  the slag size fractions is shown in Table 3. While Fig. 2 shows an example 
of  an XRD diffractogram of  the air granulated slag.

Figure 2: Powder-XRD of  the 0,5mm fraction of  granulated slag with Si as an internal standard.

Converter slag exhibits relatively constant mineralogical composition, but the mineral phase proportions 
vary. The most abundant converter slag minerals are larnite, dicalcium silicate-alpha H′, calcium ferrite, 
lime and magnesio-wuestite as shown in Table 3. The mineral phases like pseudobrookite, perovskite, 
protoenstatie and nauqite are not usually observed in converter slag but are likely formed in the slag due to 
the quick cooling. Calcite and lepidocrocite are weathering products, while the other minerals such as quartz 
and corundum are contaminants. The amount of  quartz and calcite is very pronounced (around 21-24%) in 
the smaller fractions. It is not clear if  the high amorphous content in the fine fractions is due to amorphous 
phase generated during air granulation or if  it is a result of  amorphous contaminants. This means that the 
bulk chemical composition measured with XRF is not representative of  the actual composition of  the 
granulated converter slag. But it can be corrected by removing the known amount of  hematite, calcite, 
quartz and corundum from the bulk composition as shown in Table 4. It is quite clear from the table that 
the major oxide composition is more aligned to their mineralogical composition. 
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Table 3: Rietveld refinement of  different fractions of  air granulated converter slag.

 Mineral Phases Formula 2mm 1mm 0,5mm 0,25mm <0,25mm

Larnite, β-C2S Ca2SiO4 21,0 18,9 13,9 6,2 2,7

αH′-C2S Ca2SiO4 20,9 21,4 26,4 19,0

Fe-wuestite (Fe,Mg)O 4,6 4,3 4,0 3,5 5,9

Mg-Wuestite (Mg,Fe)O 8,1 4,1 2,7

Mn - Wuestite (Fe,Mn)O 1,0 0,3

Periclase MgO 2,1 5,6 7,8 6,7

Magnetite Fe3O4 2,5 2,0 2,8 6,6 10,3

Srebrodolskite Ca2Fe2O5 24,1 21,4 20,8 12,6 10,3

Pseudobrookite Fe2TiO5 0,3 0,3 0,3 0,1 0,5

Lime CaO 0,1 0,1

Quartz SiO2 8,9 13,3

Calcite CaCO3 0,3 4,0 17,9

Perovskite CaTiO3 7,6 10,0 12,5 8,4 1,7

Protoenstatite Mg2Si2O6 1,2 0,7

Graphite C 0,3 0,2

Naquite FeSi 0,7 0,5 0,6 0,3

Vaterite CaCO3 1,1 0,8 1,0 0,7

Rutile TiO2 0,4 0,4 0,5 0,2

Corundum Al2O3 2,9 1,7 3,0 5,6 0,8

Hematite Fe2O3 2,1 1,9

Albite NaAlSi₃O₈ 1,1

Titanite CaTiSiO₅ 0,5

Lepidocrocite γ-FeO(OH) 2,8

Clinoenstatite MgSiO3 2,1

Moissanite 2H SiC 0,3

Amorphous  2,0 6,8 3,0 12,1 31,0

Total  100 100 100 100 100

It was expected that all granulated slag size fractions have the same bulk composition, but the large converter 
slag granules appear to contain more C2S than the smaller ones. The most plausible reason is that solid 
phenocrysts of  periclase and C2S are present in the liquid converter slag before cooling. It appears that the 
C2S is incorporated preferentially in the large size fractions, while the MgO phenocrysts are preferentially 
incorporated into the smaller granules. Therefore, they tend to be enriched in CaO and SiO2, with a lower 
MgO and Fe2O3 content. 

Based on the variation in bulk composition it seems the addition of  C2S and MgO controls the small 
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differences in chemical bulk composition of  the granulated slag sizes. It can be observed that the large 
granules seem to be indeed richer in C2S phenocrysts compared to the small granules, while the smaller size 
fractions contain more MgO. 

Table 4: Corrected oxide composition of  air granulated converter slag. The fraction <0,25mm was 
not included because of  the strong contamination.

Slag 
Fractions MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3

2mm 8,5 1,2 14,1 1,2 46,6 1,5 0,6 0,2 4,4 21,6

1mm 8,6 1,8 13,8 1,2 46,3 1,4 0,7 0,2 4,3 21,6

0,5mm 8,5 3,2 14 1,3 45,7 1,5 0,6 0,2 4,3 20,7

0,25mm 7,4 3,3 12,2 1,0 37,9 1,5 0,6 0,2 3,7 32

3.2 Leaching Analysis
The leaching values of  heavy metals in granulated slag are presented in Table 5. 

Table 5: Leaching values of  granulated slag of  1mm, 2mm, 0,5mm, 0,25mm and <0,25mm respectively.

Slag fractions

Permissible 
Emission value 1mm_aW 2mm_W 0,5mm_aW 0,25mm_W <0,25mm_W

(mg / kg) (mg / kg) (mg / kg) (mg / kg) (mg / kg) (mg / kg)

Contact time 
(hours) 24 24 24 24 24 24

pH (20˚C) 10,84 11,0 10,89 9,62 11,11

Antimony (Sb) 0,32 0,19 0,19 0,17 0,18 cL.D.

Arsenic (As) 0,9 0,22 0,21 0,15 0,15 L.D.

Barium (Ba) 22 0,02 0,11 0,02 0,11 0,04

Chromium (Cr) 0,63 1,83 1,70 1,91 2,42 0,11

Molybdenum (Mo) 1 0,14 0,14 0,002 0,011 0,022

Vanadium (V) 1,8 10,84 11,49 11,43 8,84 L.D.

Zinc (Zn) 4,5 0,06 0,06 0,07 0,08 0,28

a=Washed, Cd, Cu, Hg, Co, Pb, Ni, Se, Sn=below detection limit, c=Lower than Detection limit

In most fractions of  granulated slag, heavy metals are below the permissible emission limits in building 
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materials [17], except for vanadium and chromium. The smallest fraction exhibits leaching values of  
vanadium below the detection limit and chromium lies below the permissible limit but this is likely due to 
the high amount of  inert contaminants such as calcite and quartz. In general the leaching of  vanadium and 
chromium is much higher than reported for standard cooled converter slag.

4. Conclusion

In the present studies, the air granulated converter slag has been characterized by XRF spectroscopy and 
powder- XRD as well as leaching behaviour. The following conclusions can be made on the basis of  this 
study.

• The chemical bulk composition of  granulated slag varies in the different size fraction of  the slag, 
although they were all produced from the same slag batch. Large fractions exhibit a somewhat higher 
amount of  calcium and silicon, while the smaller fractions are richer in magnesium and iron. This 
seems to be the result of  an unequal distribution of  dicalcium silicate and (Mg, Fe)O.

• The air granulated slag contains the same phases as standard cooled slag: C2S, Mg-Wuestite, srebrodolskite 
and magnetite. Additionally, perovskite is formed due to quick cooling.

• 2mm, 1mm, 0,5mm and 0,25mm fractions of  air granulated slag show leaching value above the legal 
limit for chromium and vanadium, which seems to be a result of  increased reactivity compared to 
standard slag due to air granulation.

As a next step calorimetric measurements will be performed to determine the hydraulic reactivity of  the 
granulated slag.  SEM/EDX measurements will be carried out to understand the microstructure and locate 
the source of  chromium and vanadium.
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Abstract:

Due to its pozzolanic reactivity, waste glass has been widely studied as Supplementary Cementitious 
Materials (SCM) in conventional concrete production in recent years. Waste glass is an amorphous, SiO2 
rich material, which can be used as the Si source in alkali activated materials, for example, alkali activated 
ground granulated blast furnace slag GGBS or fly ash (FA) based geopolymers. This paper investigates the 
application of  waste glass powder as part of  the binder in slag-fly ash systems activated by blended (NaOH/
Na2CO3) activators. To investigate the reaction kinetics, mechanical performance and durability properties 
of  waste glass blended alkali activated GGBS-FA binders, calorimetry, XRD, setting time, strength and 
resistance to carbonation tests were conducted. The results show that glass powder has a higher reactivity 
compared to fly ash but still lower than GGBS. The mechanical performance of  different samples is mostly 
controlled by the Ca/Si of  dry mixtures and the activator type. After the slag-fly ash binder system was 
modified by the waste glass, a significant enhancement of  resistance to carbonation was identified for 
NaOH/Na2CO3 activated mortars, which shows an increase of  300% on the carbonation resistance ability 
compared to the reference sample. 

Keywords: alkali activation, slag-fly ash binder, waste glass, reaction kinetics, carbonation

1  Introduction 

With the increasing consumption of  glass products, a high amount of  waste glass is being produced all 
over the world. On account of  being un-biodegradable, waste glass causes a high pressure on landfills. In 
consideration of  environmental protection, it is an efficient method to apply waste glass in new building 
materials. In previous studies, waste glass (WG) exhibited a potential as ingredient in concrete; for example, 
waste glass fractions can not only be used as aggregates [1][2], but also supplementary cementitious materials 
as ground granulated blastfurnace slag (GGBS) or coal fly ash [3]–[6]. In recent years, recycled waste 
glass has attracted more attention for sustainable application in building materials. Since waste glass (WG) 
contains a high amorphous content of  silica, a potential of  pozzolanic reaction has been identified  [7]. A 
microstructure improvement was observed after waste glass addition in concrete [8]. In the latest studies, 
WG was also used combined with GGBS or fly ash (FA) for alkali activated concrete. The high content 
of   amorphous silica  can be used to produce the precursor of  alkali activate materials to replace water 
glass [9]–[12]. In a previous study, the blended activators, which combine sodium hydroxide, water glass or 
sodium carbonate, show an overage performance compared to single activator [12]. There are some reports 
that waste glass can play a role similar to sodium silicate (water glass) on microstructure modification [11]. 
Waste glass is prone to be attacked by the alkali solution, and a higher dissolution rate of  waste glass in 
NaOH/Na2CO3 solution than in NaOH solution at the same sodium concentration has been observed 
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[13]. As well known, the selection of  the binder’s composition and activator of  alkali activated concrete 
can have large influences on concrete durability performance. It has been reported that the higher silicate 
modulus of  the activator provides a higher resistance for carbonation of  alkali activated slag [14]. However, 
the influence of  waste glass as binder in alkali activated slag-fly ash system on mechanical and durability 
performance by using different activators is still not clear. Therefore, the application of  waste glass in slag-
fly ash alkali activated systems still needs more focus. The activator types, reaction mechanism, mechanical 
and durability performance need further study.

 The present study evaluates the application of  waste glass in slag-fly ash alkali activated binder 
systems.  The waste glass was used to replace slag, fly ash or total binder by 20%, respectively, to study the 
influences of  waste glass on the performance of  slag-fly ash binder systems. The sodium hydroxide-sodium 
carbonate blended solution was selected as the activator. 

2  Materials and methods

2.1  Materials characterization
 The recycled waste glass fractions (mixed colour) were supplied by a glass recycling plant. Then, 
a ball mill was used to ground it into a fine powder. Ground granulated blast furnace slag (GGBS) was 
supplied by ENCI, IJmuiden, Netherlands. Class F fly ash was supplied by Vliegasunie B.V., the Netherlands. 
Table 1 shows the chemical composition of  waste glass, GGBS and fly ash. 

Table 1 Chemical composition of  recycled glass, GGBS and f ly ash

Oxide Waste glass
(% mass)

GGBS
(% mass)

Fly ash
(% mass)

Na2O 14.651 / /
MgO 1.298 8.57 1.141
Al2O3 1.93 13.214 26.98
SiO2 68.328 29.407 51.442
SO3 0.086 2.639 1.121
K2O 0.702 0.424 1.84
CaO 11.904 42.665 5.83
TiO2 0.062 1.487 1.78
Cr2O3 0.117 0.001 0.034
MnO 0.022 0.398 0.057
Fe2O3 0.364 0.366 8.271
ZnO 0.009 / 0.022
BaO 0.061 0.081 /
PbO 0.05 / 0.009

P2O5 / / 0.849

2.2  Test methods

2.2.1  Activator preparation

 The activator was prepared from solid sodium hydroxide pellets, sodium carbonate and distilled 
water. The equivalent Na2O% to binder ratio is 10%.

2.2.2  Experiments
 The calorimetry test was performed using an isothermal calorimeter (TAM Air, Thermometric). 
All measurements were conducted for 150 h under a constant temperature of  20 °C. The setting time was 
measured according to the Vicat needle method as described in EN 196-3 [15]. The strength tests were 
carried out according to EN 196-1 [16]. Carbonation curing was conducted by a carbonation chamber. The 
related parameters are RH 65%, 25 °C, 20% of  CO2 dosage and atmosphere pressure. 
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Fig. 1 XRD patterns of  all materials employed as binder

The XRD of  raw materials is shown in Fig. 1. The particle size distribution of  recycled waste glass powder, 
GGBS, fly ash, and sand are shown in Fig. 2. 
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Fig. 2 Particle size distribution of  materials employed as binder

Table 2 Mix design for 1 m3

Sample
ID GGBS / kg Fly ash / kg Recycled glass 

/ kg Sand / kg Activator / w/b

NC1 251.5 251.5 0 1509.0 274.6 0.4
NC2 252.4 151.4 100.9 1514.3 275.5 0.4
NC3 150.0 250.0 100.0 1500.1 272.9 0.4

NC4 200.9 200.9 100.5 1507.2 274.3 0.4



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

866

IC
SBM

 2019
ID

 161

3.  Results and discussion

3.1  Reaction kinetics and products characterization
As shown in Fig. 3, the sodium carbonate-sodium hydroxide activated blends show the initial dissolution, 
induction, acceleration to deceleration and stable periods [17]–[19]. The variation of  peaks intensity can be 
observed according to the difference of  binder systems.
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Fig. 3 Calorimeter results of  mixtures (a) heat f low and (b) cumulative heat

   For NaOH/Na2CO3 series samples, the highest reaction intensity and reaction rate is 
observed for the NC2 sample. NC3 shows a relative low reactivity, while NC2 shows the highest cumulative 
heat during the reaction. In slag-fly ash binder systems, the higher slag proportion usually induces high 
reaction intensity and cumulative reaction heat [28]. These results indicate that the waste glass powder may 
show a medium reactivity compared to GGBS and FA. 
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Fig. 4 XRD of  different mixtures

 The XRD patterns of  paste samples are shown in Fig. 4. As can be seen, some minerals exist in all 
mixtures, regardless of  the activator types (for example, quartz and mullite, which are the residual minerals 
in fly ash). In comparison to the XRD data of  raw GGBS and FA, many new peaks were formed after 28 
days reaction. Gaylussite was formed after 28 days curing. The addition of  waste glass in binders shows no 
significant effect on the variation of  reaction products. 
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3.2  Setting and mechanical behaviours
The setting behaviour and mechanical performance are shown in Table 3. NC2 and NC4 exhibit almost the 
same duration to the setting, which is shorter than the reference NC1. The longest setting time is shown 
by NC3. This observation is in accordance with the results of  the calorimetry test in Section 3.1.1. The 
addition of  waste glass powder seems to reduce the setting time, except for NC3.

Table 3 Setting and mechanical performance of  mortars

Sample ID Initial setting 
(min)

Final setting 
(min)

Flexural strength (MPa) Compressive strength (MPa)

7 days 28 days 7 days 28 days
NC1 320 410 5.20 6.29 16.38 25.68
NC2 306 380 4.84 5.30 16.09 23.89
NC3 370 470 3.23 5.12 12.38 17.99
NC4 307 379 4.18 5.13 14.00 21.62

 

The reference sample (NC1) achieves a compressive strength of  25.7 MPa, while 23. 9 MPa, 18.0 MPa and 
21.6 MPa are achieved by waste glass containing samples NC2, NC3 and NC4, respectively. The difference in 
mechanical performance is possibly induced by the chemical composition of  binders. The slag component 
is a critical parameter of  strength behaviour for alkali activated slag based materials [20]. As can be seen 
from Table 2, NC3 has the lowest GGBS content, and also shows the lowest compressive strength after 
28 days curing. When waste glass was used to replace 20% of  fly ash or total binder, the setting time was 
reduced, however, the reduction of  strength also can be observed.

3.3  Resistance to carbonation
Fig. 5 clearly exhibits the different carbonation depth of  mortars. After the waste glass was blended in the 
GGBS-FA system, the resistance to CO2 penetration was improved. The reference sample NC1, without 
glass addition, shows a carbonation depth around 14 mm. When the waste glass replaced 20% fly ash, the 
carbonation depth decreased to less than 6 mm (NC2). 
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Fig. 5 CO2 penetration depth of  mortars with different carbonation ages 

 The sample containing waste glass replacing 20% GGBS also accounts for a carbonation depth 
around 7.5 mm. From the above results, it can be seen that all waste glass blended mortars show a lower 
compressive strength than the reference. However, a significant higher resistance to CO2 was observed after 
the waste glass addition. This may be due to the modifying effect of  pore size distribution after the addition 
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of  waste glass. In a previous study, the high Si available through the pozzolanic reaction usually induces a 
small pore size of  reaction products [21]. 

4.  Conclusions

 Waste glass was used as part of  the binder, replacing GGBS, FA or total replacement in mortars 
activated by a blended activator. The reaction kinetics and products were characterized. The setting and 
mechanical performance were tested, and the resistance to carbonation was evaluated. The following 
conclusions can be drawn:

1. The incorporation of  waste glass as part of  the binder in alkali-activated GGBS-FA systems exhibits 
no significant effect on the reaction products. The calorimetry results show that when 20% of  fly ash was 
replaced by waste glass, the reaction intensity and cumulative heat were enhanced.

2. The reduction of  the initial and final setting time was observed after 20% fly ash or 20% total binder 
were replaced by waste glass powder. However, the addition of  waste glass induced a strength reduction.

3. The incorporation of  waste glass in GGBS-FA binder contributed to a significant enhancement (of  up 
to 300%) of  resistance to accelerated carbonation penetration.
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Abstract

Global increase in population and increase in wealth/consumption provides a challenge for raw materials 
and resources.  The construction industry is with 40% of  global material use and 20% of  water use by far 
the largest consumer of  raw materials. Moreover emissions in this sector amount to 50% of  global CO2 
emission and 35% of  global waste.

The development of  low carbon buildings and structures  and associated reduction in energy/material 
consumption is one of  the biggest challenges currently facing the construction industry. Circular economy 
principles provides solutions for material and energy reduction. 

Europe is a continent with a low amount of  raw materials , hence the focus of  the EU on recycling / re 
use of  materials : in december 2015 the EC launched its Circular Economy package with clear targets for 
recycling and reducing waste. 

Steel plays a vital role in the Circular Economy, since steel is light weight, providing large transport and 
foundation saving. Steel structures are constructed/built  using demountable fixings (screws/bolts) , 
providing an option for flexible/adaptable buildings. The flexibility ensures that buildings can be modified 
to ensure a long functional life of  building, reducing waste streams. Moreover the demountability provides 
options for re-use of  building components and materials in a new application . Already a large share of  
steel beams are being re-used at the end of  life of  a building in new applications. The re-use of  building 
components provides a significant energy saving since steel does not need to be re-melted and no new raw 
materials are needed

Tata Steel provides solutions for design for re-use , developing BIM  (Building Information Modelling 
) solutions for tagging  and tracing building materials and working with providers of  so-called material 
passports of  buildings to ensure/enable  re-use.. Moreover new coating systems like HPS 200 and Prisma 
by Tata Steel provides up to 40 years maintenance free protection against corrosion , ensuring durable steel 
structures.

Contrary to other materials,  steel has a well developed recycling infra structure , since the value of  scrap is 
considerable , scrap will be returned to the steel industry in order to be remelted into a new steel applications. 
In fact steel is the most recycled material in the world.

By rapid cooling and quenching , low grade steel can even be up-cycled into a higher value application. 
Almost all other building materials are being downcycled and eventually turn to waste at the end of  life of  
a building or are being landfilled or incinerated.  Due to this characteristics is steel is the only  permanent 
material in society , endless re-used/recycled providing a solution to the global resource shortage . 

Keywords: Circular Economy, recycling, low carbon buildings, re-use.   
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