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Abstract 

Nowadays, the incineration of municipal solid waste (MSW) is widely applied as it reduces the waste by 90 % by 
volume and 70 % by mass. The main by-product of MSW incineration is bottom ash (BA). Despite numerous 
studies concerning the applications of this by-product in construction field, BA is not widely applied, since its 
suitability for this purpose is affected by many aspects, from the source of the waste to its collection and disposal. 
This paper provides a general characterization of the ashes, including metallic Al and CaCO3 content, particle size, 
density and chemical composition. It address the presence of reactive compounds available for pozzolanic reaction 
of three different types of bottom ashes and sludge, based on the calcium hydroxide consumption in time, measured 
by TGA. Moreover, final performances of BA, as inert replacement of CEM I 42.5 N (PC) are analysed based on 
the strength activity index, and calorimetry. The ashes applied improve the reaction of PC within 14 days, when 
the pozzolanic reactions is maximized. On the other hand, the high presence of calcium-based compounds leads 
to the formation of CH and consequent expansion of pastes, causing a reduction of strength in time. 

 

1 Introduction 
In recent times, the management of municipal solid waste (MSW) has become important to guarantee an 
economically and environmentally sustainable way of living. Due to the high levels of contaminants, the treatment 
of MSW is done by incineration, which reduces the volume by 90% as well as bacteria and total organic content 
[1]. Municipal solid waste incineration (MSWI) residues include products as bottom ash (BA), grate siftings, heat 
recovery ash, fly ash (FA) and air pollution control (APC) residues. Among those, approximately 80% of the 
incineration residue is BA [2]. After incineration, BA is usually used for landfilling or road construction [3]–[5]. 
However, the high organic content of the BA as well as the insufficient abrasion resistance of the material 
compromise its application as granular layer in road sub-base [3]. As far as landfilling is concerned, the BA should 
guarantee a limited maintenance and need of aftercare, not easily achievable due to the risk of leaching and 
subsequent release of harmful substances into the soil [1]. Due to increasing environmental concerns, the 
Netherlands regulates the use of BA by defining limitations for the leaching of contaminants. The aim is to reduce 
the use of primary materials and the number of landfills, by favoring the design of secondary raw materials from 
by-products. However, the lack of economic incentives and the uncertainty concerning the use of those residues 
impede the easy application of BA in alternative ways [5].   

In spite of the numerous studies, BA is not widely reused, due to the impossibility to define generalized guidelines 
for its successful application as building material. Its suitability is affected by many aspects, from the source of 
the waste to its collection and disposal. The incineration degree can influence many physical and chemical aspects 
such as porosity, water demand, grain size distribution and material reactivity. However, the amorphous and thus 
reactive content [6] can vary depending on the cooling process and on the homogenous distribution of the 
temperature in the furnace. Contrary to fly ash, the presence of amorphous phases in BA is not widely studied, and 
neither is its reactivity in presence of cement, as inert replacement application.  

Till nowadays various applications of BA in the construction field have been studied [7]–[11].  In the case of 
normal concrete, BA has been used for the manufacturing of aggregates or pellets [8][12]. The coarse, fused and 
glassy texture of the BA particles makes them an ideal replacement for aggregates [13]. The manufacture of 
lightweight aggregates (less than 1000 kg/m3) is also possible by using pulverized fuel ash. This process usually 
includes agglomeration by rotating pan, and a thermal curing at 1100-1200°C [8]. On the other hand, a common 
attempt in the application of BA is as inert replacement of Ordinary Portland Cement (PC) [14]–[16]. The inactive 
material has been placed in mortars up to 30% of the binder mass and mechanical performances were evaluated.  
In general, a higher water demands are displayed due to the wide porous surface of the BA particles. Furthermore, 
by-products application implied often the presence of a thermal treatment to reduce the organic matter and increase 
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the dissolution of particles. Finally, although treated before the application, the bottom ash showed inner cracks 
caused by hydrogen released by the reaction between H2O and metallic Al in the paste.  
In this study, three types of high calcium content untreated bottom ash and sludge are used, named BA-s, LBA-s 
and S-s respectively. The by-products provided by Heros Sluiskil B.V (NL) belong to different incineration plants 
and are collected in different streams. A preliminary characterization provides a presentation of the initial materials 
and their chemical and physical properties. Thereafter, this paper will address the reactivity of the by-products, 
based on the pozzolanic activity index and by calorimetry analysis. Finally, the application of the by-products as 
building material is evaluated by calculation of the strength activity index (EN 450).  

2 Experimental 
2.1 Characterization of materials 
In the study, three different incineration by-products are taken into account: the main stream of bottom ash (BA-
s), a low organic content bottom ash (LBA-s) and a washed fraction of the BA, collected as sludge (S-s). 
Differences among those by-products concern the treatments and separations that they undergo in the Heros 
Sluiskil B.V. plant. S-s is supplied with a moisture content (MC) of 56%, while BA-s and LBA-s have a MC of 
21%. Firstly, the materials are dried at 105°C for 48 h. The evaluation of these powders does not include any pre-
treatment to improve the final performances and leaching. Physical information, such as bulk density, specific 
gravity, total surface area and particle size distribution (PSD) are illustrated in Table 2.1. The PSD of bottom ash, 
measured by laser granulometery, is selected lower than 0.250 mm and displayed in Fig. 2.2. Chemical 
composition of the bottom ashes and sludge is determined by X-ray Fluorescence spectrometer (PANalytical 
Epsilon 3 range. Scanning Electron Microscopy (SEM) provides information about the morphology of the matrix 
and shape of the particles. 
 
Table 2.1: Physical characterization of Heros by-products. 

Mixtures Bulk density Specific gravity Langmuir surface area 
 g/cm3 g/cm3 m2/g 

S-s 0.48 3.90 38.60 
BA-s 0.56 4.10 25.20 

LBA-s 0.56 3.70 14.60 

 
Fig. 2.2: Particle size distribution of the by-products, PC reference and quartz (q5, q6).  

Table 2.3: Chemical composition of the ashes applied in this study. The amount of Ca in CaCO3 (Tab. 2.5) form 
is subtracted from the CaO content. 

 

The S-s has a finer size distribution of the particles, due to the treatment it undergoes in the incineration plant. 
Scanning electron microscopy Fig. 2.4 a) and b) shows the general morphology of the BA-s and S-s powders. The 
particles shape is not spherical, due to the low incineration temperatures [17], and the structure is randomly 
organized. Presence of incineration residues (black arrows) characterizing the surface of the particles contributes 
to the increase of the total surface area, and of the water demand of the powders. The undefined morphology 
justifies the low bulk density compared with the specific gravity of the single by-products (Tab.2.1). The particles 

Percentage of oxides [%]  

Mixtures Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 ZnO Cl Other 
oxides Tot 

Sludge-s 0.80 3.44 13.27 17.15 1.32 7.42 1.04 35.87 1.97 0.52 9.35 1.16 1.25 1.42 96.0 
BA-s 1.32 2.39 10.27 14.52 1.58 8.55 1.55 36.60 2.42 0.27 9.33 1.24 2.54 1.65 94.0 

LBA-s 1.35 2.38 10.71 16.72 1.44 7.18 1.47 36.99 2.39 0.28 12.89 1.49 2.06 1.70 99.0 
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shape and porosity contributes to the formation of gaps, resulting in a reduced packing density. Table 2.3 presents 
the chemical compositions of the different ash types and sludge, evaluated by XRF. All the ashes have a high 
content of calcium-containing species. Potential pozzolanic reaction activators, such as Na2O, K2O, SO3 and Cl 
make up 10-13% of the total composition, depending on the by-product type. The higher content of iron-containing 
compounds in LBA-s can be due to the presence of heavier particles, residues of the plant treatment.  

a) b) 

  

 

Fig 2.4: Morphology of a) the unreacted bottom ash BA-s, and b) the unreacted sludge S-s, both scale 100 µm.  

The bottom ashes and sludge reactivity evaluation is performed in combination with calcium hydroxide (CH) (98% 
SiO2), CEM I 42.5 N (PC) and inert standard sand (BS 4550) milled to mimic the PSD of S-s (q6) and BA-s (q5). 
A combination of calcium hydroxide (CH) and q6 is also used as reference in the evaluation of pozzolanic activity, 
by TGA measurement. The evaluation of reactive calcium and alumina stars by the identification of unreactive 
phases (as CaCO3) or metallic ones (metal Al). Table 2.5 displays CaCO3 content (computed from the CO2 mass 
loss by TG analysis in the range of 640-740°C). Evaluation of the metallic Al content is performed by treatment 
in alkaline environment [18], for 24 h. The entry “pozzolanic phases” describes the maximum potential content of 
SiO2 and Al2O3 phases in each ash, available for geopolymerization. Table 2.6 summarizes the composition of the 
specimens and nomenclature, applied in the study. Moreover, it provides indication of the analysis performed and 
the reference times.  

 Table 2.5: Chemical characterization based on metallic Al, alkaline phases and calcite content. The pozzolanic 
phases are not including the metal Al in the by-product. 

Mixtures Al content CaCO3 content Alkaline phases content  Pozzolanic phases  
 % w.t. %  % w.t. % w.t. 

S-s 0.10 7.20 10.50 30.40 
BA-s 0.13 5.90 14.00 24.80 

LBA-s 0.14 5.20 12.10 27.40 

Table 2.6: Summary of the nomenclature of the specimens and their composition. 

Mixtures Composition Time (nd) Analysis performed 

S-s + CH(nd) 50% CH + 50% S-s 7/14/28 TGA, strength 

BA-s + CH(nd) 50% CH + 50% BA-s 7/14/28 TGA, strength 

LBA-s + CH(nd) 50% CH + 50% LBA-s 7/14/28 TGA, strength 

PC+S-s(nd) 75% CH + 25% S-s 5/7/ 14/28 Calorimetry, strength 

PC+BA-s(nd) 75% CH + 25% BA-s 5/7/ 14/28 Calorimetry, strength 

PC+LBA-s (nd) 75% CH + 25% LBA-s 5/7/ 14/28 Calorimetry, strength 

PC+q5(nd) 75% CH + 25% q5 5 Calorimetry 

PC+q6(nd) 75% CH + 25% q6 5 Calorimetry 

2.2 Evaluation of the pozzolanic activity 
The evaluation of the pozzolanic activity of bottom ash has been performed both chemically and mechanically. 
The chemical analysis, based on the method developed by the ISO recommendation R 863-1968 [13] defines the 
pozzolanic activity by the reduction in Ca2+ ions, when a pozzolans is reacting in a saturated lime environment. 
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Consequently, pastes containing 50% by-products and 50% calcium hydroxide (CH) are manufactured, by 
applying liquid to solid ratio 0.8, due to the high surface area of the ashes. Specimens are kept in the mould for 6 
days and cured at 97% RH. Hence, the pastes are tested by TGA and for mechanical strength at 7, 14, 28 days. 
Before each test, the pastes are dried at 60°C for 24 h. The compressive test on cubic pastes 40 x 40 x 40 mm 
assess the mechanical strength. TG analysis measures the mass loss of the CH unreacted during the pozzolanic 
test. This amount is compared with a reference mixture containing 50% CH and 50% quartz (q6), acting as inert 
material. In this sample, the CH content is completely consumed, providing the total CH available for pozzolanic 
reaction. The difference between those two mass losses provides the unreacted CH content in time. The lower the 
CH content, higher the pozzolanic activity of the ash. The use of this methodology was initially applied for fly ash 
and metakaoline, but it is considered suitable also for bottom ashes [13].  

2.3 Kinetic study of bottom ash reactivity in presence of cement 
The determination of bottom ash influence in CEM I 42.5 N (PC) hydration is investigated by isothermal 
calorimetry. There are two main effects involved in the replacement of PC by supplementary cementitious 
materials: the filler effect and the effective contribution of the reactive phases into the by-products. For fine 
materials, the extra surface area provided acts as nucleation site, enhancing the binder reaction [19]. Therefore, the 
quantification of the filling effect allows the evaluation of chemical contribution of the bottom ashes. Calorimeter 
samples, prepared with 75% CEM I 42.5 N (PC) and 25% bottom ash (S-s, BA-s, LBA-s), are tested and compared 
with 100% PC as reference and samples composed of 75% PC and 25% quartz (q6 and q5). All the pastes are 
characterized by w/b=0.5. Quartz has been chosen as inert material and selected with PSD corresponding to the 
one of bottom ashes. The evaluation considers the final cumulative heat at 5 days, but it can be applied at different 
times, by using the formulas: 

𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑄𝑄𝑃𝑃𝑃𝑃   (1) 

𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑄𝑄𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  (2) 

where,  

QPSD is the cumulative heat contribution due to the particle size of the powder, QPCqn is the cumulative heat 
developed by the mixture CEM I 42.5 N (PC) + quartz with a specific PSD (x), QPC is the cumulative heat of pure 
PC, Qreactve is the contribution of reactive phases in BA and QPCBAn is the cumulative heat of the mixture PC+BA 
with the same specific PSD (n), as quartz. In order to evaluate the contribution to the PC reaction, the normalization 
of the curves is based on the PC amount.  

2.4 Evaluation of the strength activity index 
The mechanical performances of the same mixtures used for the kinetic study are tested, by determining the 
strength activity index, according to EN 450. Although originally drafted for combustion coal fly ash, the standard 
EN 450 has described also the suitability of bottom ash replacement in concrete in other studies [13]. The sample 
nomenclature and composition is resumed in table 2.6. The analysis is performed on cubic pastes 40 x 40 x 40 
mm. The index calculation is based on the ratio of strength development at a specific time of specimens based on 
75% PC and 25% ash by mass and the reference 100% PC. Formula (3) shows the calculations applied, for a time 
step tn. The replacement rate is fix by the standard. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 = 𝐹𝐹25%𝑃𝑃𝑃𝑃+75%𝑃𝑃𝑃𝑃/𝐹𝐹𝑃𝑃𝑃𝑃 (3) 

where,  

𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 is the strength activity index, 𝐹𝐹𝑃𝑃𝑃𝑃+𝑃𝑃𝑃𝑃 is the compressive strength of the BA+PC mix and 𝐹𝐹𝑃𝑃𝑃𝑃 is the 
compressive strength of pure PC. During the evaluation, three time steps are used: t1=7 days, t2=14 days, t3=28 
days. Exceeding of the value of 0.75 will define the suitability of the bottom ash as concrete replacement.  

3 Results and discussion 
3.1 Evaluation of reactivity based on CH consumption 
Figure 3.1 illustrates the remaining CH in the sample and the corresponding compressive strength development in 
time. The CH evaluation is expressed as rate of the total CH content in the reference sample CH+q6. During the 
reaction, calcium is responsible of aggregation and gelation processes in the silico-alkaline solution [20]. Soluble 
Ca species could either (a) react with silicate and aluminate, (b) replace cations within the geopolymers, or (c) 
precipitate as CH [21]. The analysis of CH consumption indicates a greater pozzolanic activity within the first 14 
days, independently from the type of ashes. The CH consumption differs depending on the different chemical 
composition and soluble phases content.  Comparing the results with the maximum rate of the pozzolanic phases 
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(Tab. 2.5) there is a correspondence between the amount of those phases and the final pozzolanic activity 
registered.  

 
Fig 3.1: Strength development and pozzolanic activity in time. 

S-s results in the highest pozzolanic activity (39%), followed by LBA-s (48%) and BA-s (62%). Compared with 
XRF, these data indicate that S-s has the highest amount of silicate and aluminate in the form of reactive 
compounds, followed by LBA-s and BA-s. At 28 days, the CH content starts to rise again in all the mixtures, 
reproducing more than 80% of the initial CH mass. The phenomenon is dependent on the amount of dissolved 
silicate and aluminate in the system. This dissolution influences the effects of calcium on the final reaction 
products, by controlling the pH of the reactive system and thus the stability of the calcium-containing precipitates 
[22]. The formation of CH crystals in time is due to the calcium-rich environment in which the reaction takes 
place. The low availability of Si and Al ions dissolved into the mixture compared to the Ca2+ ones leads to 
saturation with respect to CH of the solution and its consequent precipitation. This has the negative effect of 
lowering the pH of the alkaline solution, due to the removal of OH- ions, which will compromise the further 
dissolution and precipitation process [22][23]. Besides the high Ca2+ content of the ashes, the application of CH 
further increases the Ca2+ content of the solution, stimulating CH reformation.  

The strength development is decreasing in time for all the specimens. The reduction in compressive strength is 
mainly due to the increasing CH formation. The same behaviour has been observed during the combination of 
quicklime with clay and lateritic gravels [24][25]. As for the BA-s, LBA-s and S-s, the addition of high reactive 
calcium-based species to geopolymers leads to the formation of CH more than C-S-H. This inhibition results in a 
reduction of mechanical performances due to the increasing porosity and water absorption [23]. Physical 
properties, such as high porosity of the particles and high surface area of the by-products can also affect the strength 
development. As incineration products, their particle shape is not regular, but porous and rich in small incineration 
residues covering the bigger particles. This determines the increase of water to binder ratio as well as the low 
density of the final mortars.  

Finally, the total metallic Al content also affects the mechanical performances. The elevated metallic Al detected 
in LBA-s legitimates the assumption that the release of H2 led to an increasing macro porosity (detected by visual 
observation), compromising the final strength of the mortars. Although displaying a slightly lower Al content, the 
BA-s and S-s strength results are less affected. A possible reason is the irregular distribution of metallic Al in the 
powders, leading to a reduced influence in the mortars performance. The alkaline environment produced during 
the reaction with CH or the one of PC causes the corrosion of metallic sources, leading to the release of hydrogen. 
Furthermore, the reduced viscosity of the paste, as well as an early hardening can entrap this gas in the fresh 
materials, creating networks of bubbles and affecting the mechanical performances of the material [11].  

3.2  Analysis of the reactivity by isothermal calorimetry 
In Figure 3.2, the isothermal calorimetry results of the reaction degree of PC in presence of ashes and quartz are 
shown. From the normalized heat analysis, the reaction of plain CEM I 42.5 N is characterized by a single peak 
(C3S reaction) after of 12 h. The mixtures including quartz indicate that the contribution of PSD has an influence 
on the intensity of the heat released, more than on its duration. Fig 3.2 b) shows that, within the first 24 h, the 
PC+S-s and PC+q6 mixtures overlap their cumulative heat lines. Exhausted the contribution of PSD, the chemical 
reactivity of the S-s leads to an increment in the final reaction degree. Due to the domination of nucleation effect, 
the amount of reacted silica phases is negligible in the first days of reaction. In presence of bottom ashes, the main 
reaction of C3S shifts in time, but is not modified in magnitude. Among the possible factors, the high SO3, and 
Fe2O3 content of bottom ashes can affect the activation mechanism of C3S. The difference in the starting of C3S 
hydration can also depend on the different organic content of the ashes. Moreover, Fig. 3.2 a) shows the delay in 
the sulphate depletion and in the consequent formation of AFm phase. This phenomenon can be attributed to the 
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Cl content of the ashes, since without preliminary treatments, their Cl content ranges between 1.25% and 2.54% 
[26].  

 

Fig. 3.2: a) Normalized heat b) Cumulative heat of PC + Bottom ash, PC + quartz and 100% PC. 

The contribution of the chemical reaction of bottom ash in the hydration of PC is evaluated by cumulative heat 
analysis. Figure 3.3 displays the contributions of nucleation sites and of reactive phases of bottom ash. These 
contributions are expressed as rate of the reference reaction degree (plain PC).  

Although all the powders are ranging between 0.04-0.250 mm, the contribution provided by the increase of 
nucleation sites increases with the content of fines. The finer distribution of particles of S-s doubles the 
contribution provided by its reactive phases, enhancing the final reaction degree. On the other hand, the BA-s and 
LBA-s are more chemically reactive, balancing the coarser PSD. Their contribution is in line with the pozzolanic 
reactivity detected within 7 days, if placed in combination with CH. LBA-s has the greater pozzolanic activity and 
results in the greater contribution in the reaction degree of PC. The analysis is limited at 5 days when the 
contribution of pozzolanic activity of S-s is not maximized yet. These data underline the greater availability of 
reactive phases in water at early time of BA-s and LBA-s compared to the S-s. Compared with S-s, the reactive 
performances of LBA-s and BA-s can improve mechanically by reducing the PSD, resulting in a better packing 
and easier particles consumption during reaction. The high initial moisture content of S-s (56%) provides an 
environment where soluble phases are stimulated to react, decreasing the final reactivity. 

 
Fig. 3.3: Contribution in the reaction degree of MSWI by-products, depending on the PSD and chemical reactivity, 
at 5 days (Eq. 1 ad 2). 

3.3 Strength activity index  
Based on the same admixtures, a compressive strength test has been performed, according to EN 450. The studied 
MSWI by-products are suitable for the application as building material, as the indexes are always higher than 0.75, 
except for BA-s at 28 days. As general trend, the combination with bottom ash results in a maximum compressive 
strength within 14 days, as also underlined from the pozzolanic activity evaluation. Despite the absence of 25% 
PC in the mixture, S-s and LBA-s are able to achieve the same strength as the reference, improving the degree of 
reaction. However, in time the compressive strength is reduced, leading to a drop in the index after 28 days. 

 

a) b) 
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Table 3.3: Strength activity index for bottom ash replacement in cement (Eq. 3). 

Strength Activity Index 
Time 7 days 14 days 28 days 

PC+S-s 0.89 1.08 0.79 
PC+BA-s 0.85 0.85 0.66 

PC+LBA-s 0.76 1.09 0.77 

4 Conclusion and further research 
This preliminary investigation about bottom ash reactivity leads to the following conclusion: 

1. Bottom ash from Heros Sluiskill B.V. (NL) presents similarities with class C fly ash. The low availability 
of SiO2 and Al2O3 phases compared to CaO ones during reaction can lead to the limited pozzolanic 
activity in time. The achievement of saturation with respect to CH inhibits the gel formation, and 
consequently the strength development.  

2. The increasing formation of CH leads to damage to the matrix (expansion) and high porosity of the paste. 
3. Pastes showing greater pozzolanic activity result also in the higher contribution in the reaction degree of 

PC.  
4. Strength activity index with Portland cement determined following EN 450 reach 1.08 within 14 days, 

displaying an improvement in the reaction degree due to the chemical composition of bottom ash.  
5. After 28 days, the index decreases again, due to the reduction of pozzolanic activity of the pastes.    
6. Mechanical treatments can be applied to increase fineness of the powders. The contribution due to PSD 

in the reaction will rise, providing a denser structure. 
7. Alkali activation based on silicate and/or aluminate can be attempted. The availability of reactive silica 

and alumina phases has to increase, in order to support gel formation.  
8. Alternative silica and alumina source by-products can partially replace the material, such as class F fly 

ash or high SiO2-Al2O3 content bottom ash.  
9. Determination of TOC can help the understanding of the reaction process.  
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