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A B S T R A C T   

Due to concerns about the very high primary raw material consumption and CO2 emissions of the economically 
important construction sector, the demand for “green” binders is growing. One option that is receiving particular 
attention is the material class of “geopolymers”, which could be used as a substitute for Portland cement. This 
new group of binders not only exhibits improved mechanical properties, but is also characterized by particularly 
low carbon dioxide emissions in the course of its production. This work focuses on the influence of concrete 
rubble on the setting behavior and microstructural properties of fly ash-based geopolymers. In the course of the 
investigations, the manufactured geopolymer samples are examined for the material parameters relevant to 
building materials, namely compressive strength, raw density and thermal conductivity. The setting behavior and 
the forming structures are investigated by infrared spectroscopy, X-ray diffraction analysis and scanning electron 
microscopy. The present work is intended to contribute to the development of a suitable recycling strategy for the 
material recycling of concrete rubble in novel substitute construction materials, the geopolymers.   

1. Introduction 

The construction industry is a key economic factor worldwide, ac-
counting for 6.2% of global gross domestic product (GDP) in 2016 and 
slightly more in Europe at 6.3% [1]. In 2019, a total of 285,91 new 
buildings were constructed in Germany [2]. In addition to the economic 
benefits, however, the construction sector also causes serious environ-
mental problems due to the primary raw materials and CO2-intensive 
production of the building materials [3]. Portland cement production 
alone accounts for about 8% of all man-made CO2 emissions worldwide, 
as 0.6–0.8 kg of CO2 are emitted per kg of Portland cement [4]. Con-
struction and demolition waste also poses a serious environmental 
problem, as it is only recycled to a limited extent in a way that adds 
value. The global volume of construction waste accounts for around 
25–30% of solid waste [5]. In Germany, for example, more than 228 
million tons of construction and demolition waste were generated in 
2018, a large proportion of which is still being sent to construction waste 
landfills, where it blocks valuable landfill space [6,7]. It is in the global 

interest to bring the construction industry into harmony with its envi-
ronment by saving primary resources, emitting less CO2 and recycling 
construction and demolition waste. These goals can be achieved by 
expanding the circular economy by processing suitable construction and 
demolition waste and recycle it into new building materials. In this way, 
valuable landfill space is conserved at the same time. A suitable way of 
solving all three problems is offered by the technology of alkaline acti-
vation or geopolymerization of mineral secondary raw materials [8,9]. 
J. Davidovits first mentioned this novel class of materials [10,11]. Since 
then, a lot of research has been done on its properties and possible uses 
[12–18]. Few results have been published on the use of mineral solid 
wastes as feedstocks for alkali-activated materials. However, the results 
that have been published indicate that this technology has the potential 
to provide that type of waste for reuse [19–24]. For example, it was 
shown that brick sanding dust, brick scrap, mixed rubble and concrete 
rubble are basically suitable as singular precursors for the production of 
alkali-activated materials [25]. As the construction of Australia’s Too-
woomba Wellcamp Airport shows, economically and ecologically viable 
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use of this technology is already possible today. The airport’s civil 
building complex, completed in 2014, was constructed with building 
components and an aircraft turnaround area made of fly ash slag geo-
polymer [26]. In the process, an estimated 8640 t of CO2 emissions were 
saved by partially avoiding the use of Portland cement [27]. In order to 
further advance this positive development, this work will investigate in 
which way ground concrete rubble is suitable for alkaline activation. 
Concrete rubble taken from a local landfill is crushed, ground, propor-
tionally mixed with fly ash and cured by means of alkaline activation. In 
particular, the influence of increasing concrete rubble contents on the 
setting behavior, the associated structural changes and the resulting 
material properties of the resulting geopolymer binder material are 
investigated. The results can be used as a starting point for the targeted 
further development of alkali-activated and residual-based binding 
construction materials with improved material properties. The trend 
towards alkaline activation of concrete residues is also evident in the 
literature, for example, Allahverdi and Kani [28] demonstrated 
compressive strengths of 33 Mpa after 28 days with a mixture of 80 wt% 
brick residue and 20 wt% concrete rubble, activated with a water glass 
sodium hydroxide activator. Lampris et al. [29] also achieved 
compressive strengths of 33 Mpa after 3 days with 80 wt % finely ground 
Concrette rubble and 20 wt % metakaolin, also with a water glass so-
dium hydroxide activator. The geopolymerization potential of various 
construction wastes, bricks, tiles and concrete rubble was investigated 
by Komnitsas et al. [30]. By varying the water glass sodium hydroxide 
activator, they reported compressive strengths of 49.5 Mpa for brick 
waste and 57.8 Mpa for tile waste; however, the compressive strength of 
concrete waste is only 13 Mpa after curing treatment at 90 ◦C for 7 days. 
Kugler et al. [25] demonstrated slightly higher compressive strengths of 
19.3 Mpa for concrete rubble with similar activator composition and 
curing treatment at 85 ◦C for 2 days. Vásquez et al. [31] reported that 
adding 10 wt% metakaolin to concrete rubble can significantly increase 
the compressive strengths of the resulting alkali activated materials, in 
this case up to 46.4 MPa. The various combinations of concrete rubble 
and fly ash are particularly interesting because the nanostructure of 
alkali-activated materials is strongly dependent on the available calcium 
content of the starting materials. With a low calcium content, as ex-
pected for fly ash, a sodium alumino-silicate hydrate (N-A-S-H) gel is 
formed, with a very strongly cross-linked zeolite-like structure [32,33]. 
If the calcium content is high, as is to be expected in concrete rubble, a 
calcium alumino-silicate hydrate (C-A-S-H) gel forms, which is some-
what less well crosslinked than a N-A-S-H gel [32,34]. Since these two 
aluminosilicates N-A-S-H and C-A-S-H can also exist side by side, it is 
interesting to see which material properties result from the different 
combinations of the starting materials fly ash and concrete rubble 
[35–37]. 

2. Materials and methods 

2.1. Starting materials fly ash and concrete rubble 

The raw materials used here were characterized by X-ray fluores-
cence analysis (XRF) as well as X-ray diffraction (XRD). X-ray fluores-
cence analysis reveals the main constituents of the raw materials 
(Table 1). The loss on ignition (LOI) determined at 950 ◦C is 3.86 wt % in 
the case of fly ash and 14.47 wt % in the case of concrete rubble. 

XRD was used to analyze the phase components of the fly ash used, as 
well as the concrete rubble. The fly ash used (Microsit 10) was purchased 
from BauMineral GmbH, Germany, and is classified as Class F fly ash 

with a calcium content of approx. 5 wt %. The sorted concrete rubble 
was sourced from a construction waste landfill. It was found that the 
crystalline constituents of the fly ash consist mainly of mullite and 
quartz, and hematite was detected as a minor constituent. It should be 
noted that X-ray amorphous phases represent the largest mass fraction of 
the fly ash. These are particularly important with regard to geo-
polymerization, since they provide a higher reaction potential than the 
crystalline fractions. When examining the concrete rubble, quartz, 
calcite, portlandite, dolomite and orthoclase were found to be the main 
crystalline constituents. The high SiO2 and low CaO content of the XRF 
analyses can be explained by the quartz detected in the XRD. This is 
added to the cement in the form of sand or gravel to obtain concrete. It 
can be assumed that these added quartz crystals represent an inert filler, 
since they react only superficially during geopolymerization. Hydration 
products such as ettringite could not be detected in the XRD in-
vestigations. This is due to the fact that these phases were converted into 
X-ray amorphous phases by the milling process. In addition, the particle 
sizes of the starting materials fly ash and concrete rubble were measured 
by laser diffraction. The particle size of the starting materials has a 
decisive influence on the setting reaction and related material proper-
ties. Therefore, the particle sizes were kept constant for all investigated 
compositions in order to achieve good comparability. A particle size of 
x50 = 2.9 μm was found for the fly ash and x50 = 90.67 μm for the 
concrete rubble. 

2.1.1. Preparation of the activator solution 
The alkaline activator solution was prepared from a liquid sodium 

silicate water glass (Betol 39 t) with a water glass modulus (SiO2/Na2O) 
of 3,20 and sodium hydroxide pellets. The solution was composed of 
85.46 wt % liquid sodium silicate and 14.54 wt % sodium hydroxide, 
resulting in a water glass modulus of 1,28. The activator solution thus 
consisted of 23.44% SiO2, 18.37% Na2O and 57.90% H2O. To ensure 
consistent quality, each batch was homogenized for 24 h using a mag-
netic stirrer at a revolution per minutes of u = 500 rpm. 

2.1.2. Geopolymer synthesis 
The synthesis of the geopolymers was carried out at a constant 

activator-solid ratio of 1/3. The exact compositions can be found in 
Table 2. The solid contents of fly ash (FA) and concrete rubble (CR) were 
varied, resulting in different SiO2/Al2O3 and Na/Al ratios for the same 
activator composition. With increasing construction waste content, the 
water/solids ratio could be kept constant. 

The test batches were homogenized in an “IKA” laboratory mixer 
over a period of t = 15 min each at a revolution per minutes of u = 250 U 
rpm. The homogeneous paste was immediately poured into silicone 
molds and air bubbles introduced during this process are expelled on a 
vibrating plate over a period of t = 5 min. For curing, the specimens 
were covered with PE film and stored for 48 h at 85 ◦C in a drying oven 
for curing. After the curing process, the geopolymer specimens were 

Table 1 
XRF- analysis of fly ash and concrete rubble composition; in wt. %.  

Oxide SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 

Fly ash 52,35 25,19 6,22 4,17 1,88 2,09 1,09 1,15 
Concrete rubble 59,50 3,12 1,33 17,85 1,42 1,18 0,20 0,11  

Table 2 
Composition of the investigated geopolymer mixtures.  

Name FA/CR SiO2/Al2O3 Na/Al l/s NaOH (g/l) 

FA100 pure FA 4.05 0.47 0.33 233 
CR_1 2 5.95 0.64 0.35 233 
CR_2 1 7.64 0.79 0.35 233 
CR_3 0.5 10.52 1.04 0.35 233 
CR_4 pure CR 36.61 3.33 0.35 233  
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demolded and processed into suitable test specimens. Compression test 
specimens with an edge length of (L x W x H) 40 mm × 40 mm x 40 mm 
and specimen plates for investigating thermal conductivity with di-
mensions of (L x W x H) 100 mm × 100 mm x 25 mm were produced. All 
specimens that came into contact with water during sawing and grinding 
were dried to constant weight in a drying oven before measurement of 
material properties and then stored in a desiccator until measurement. 
Fragments of the compression tests were used for examination on IR, 
XRD and SEM. 

2.2. Mechanical testing 

The maximum compressive stress σd was determined in accordance 
with the standard DIN EN 196 Part 1. The compression test was per-
formed with a constant pressure build-up of 1.5 N (mm2 s)− 1 on a uni-
versal testing machine from “Seidner Form + Test” The maximum 
compressive stress σd was calculated according to equation (1) from the 
maximum applied force F and the cross-sectional area A of the test 
specimen. Fifteen specimens of each batch were tested to obtain a reli-
able average value. 

σd =
F
A

(1) 

For the raw density test, the dried specimens stored in the desiccator 
at room temperature were weighed and the external specimen di-
mensions were determined. According to equation (2), the raw density 
ρroh was calculated using the mass m and the volume V of the specimens. 

ρroh =
m
V

(2) 

The thermal conductivity λ10,dr. was determined according to the test 
standard DIN EN ISO 8302:1991 using the so-called plate method. The 
sample to be measured was fixed between a heating and a cooling plate 
and the thermal conductivities were measured at 15 ◦C, 20 ◦C and 35 ◦C 
sample medium temperature. Several sensors continuously determined 
the current temperatures of the sample surfaces. The electrical power 
and current required to maintain the temperatures were also deter-
mined. The thermal conductivities were calculated as a function of the 
respective sample medium temperatures using equation (3), still taking 
into account the area A of the sample and the thickness d of the layer. 
Then, using linear regression, the thermal conductivity λ10,dr. at the 
sample medium temperature 10 ◦C was read off. To obtain a reliable 
average value, three samples of each geopolymer batch were tested and 
the average values of thermal conductivity λ10,dr. were calculated. The 
measurements were performed on a “TLP 300′′ thermal conductivity 
meter from “Taurus Instruments". 

λ=
Q̇⋅d

A  ⋅ΔT
=

U⋅I  ⋅d
A⋅ΔT

(3)  

2.3. Spectroscopy 

2.3.1. FT-IR Spectroscopy 
To visualize the structures of the produced geopolymers, Fourier 

transform infrared spectroscopy (FTIR) was performed on the powders 
using the ATR method on a “Bruker Tensor II” with KBr beam splitter in 
the spectral range 5000 - 400 cm− 1. The atmosphere was filtered out by 
automatic background measurements. 

2.3.2. X-ray fluorescence analysis 
The X-ray fluorescence (XRF) analysis for the chemical character-

ization of the precursors was carried out according to DIN EN 196-2. For 
this purpose, an instrument of the type “Axios” from the company 
“PANalytical” was used, whereby it is a wavelength dispersive sequence 
spectrometer (WDXRF), operated with a rhodium anode. 

2.3.3. X-ray diffraction 
The mineral phase analyses of the starting materials and the pro-

duced geopolymers, determined by X-ray diffraction (XRD), were car-
ried out with an “X’Pert PRO” X-ray diffractometer from “Panalytical”, 
whose cathode tube is operated with a copper anode. Generator settings 
of 40 mA at 45 kV were selected. The sample material was ground to a 
fine powder using a mortar grinder. 

2.4. Scanning electron microscopy (SEM) 

In order to gain a deeper insight into the morphology of the geo-
polymers obtained,images were taken using scanning electron micro-
scopy (SEM). The fracture surfaces ofthe geopolymers were always 
examined at 2000 × magnification on a “Zeiss EVO 25 LS”. To obtain 
suitable images, the samples were sputtered with gold to remove excess 
electrons. 

3. Results and discussion 

3.1. Mechanical properties 

3.1.1. Compressive strength 
First, the compressive strengths σd of the different geopolymer 

specimens are investigated, since a correlation between mechanical and 
chemical stability can be assumed [38]. Fig. 1 shows the obtained 
compressive strengths σd with increasing substitution of fly ash by 
concrete rubble, which are compared with Fig. 2 that shows the 
SiO2/Al2O3 ratios with increasing substitution of fly ash by concrete 
rubble of the investigated geopolymer compositions. The geopolymer of 
pure fly ash shows a compressive strength of σd = 83.2 MPa. If the 
concrete rubble content is increased, the obtained compressive strength 
values increase. Thus, the geopolymer grade with a substitution of 33 wt 
% of fly ash reaches a compressive strength of σd = 102.3 MPa. The 
grade in which fly ash and concrete rubble are mixed in a ratio of 50 wt 
%/50 wt %, exhibits the highest compressive strength of this series of 
measurements of σd = 113.2 MPa. If the addition of concrete rubble is 
now further increased, the compressive strength decreases slightly, so 
that the grade with a substitution of 66 wt % of fly ash achieves a 
compressive strength of σd = 102.7 MPa, which is similar to the grade 
where 33 wt % fly ash were substituted. The geopolymer grade, which 
consists of pure concrete rubble without fly ash, shows the lowest 
compressive strength of σd = 25.65 MPa. 

In literature, a correlation between the SiO2/Al2O3 ratio and high 
compressive strengths is often described. The optimum SiO2/Al2O3 ratio 
should range between 2.5 and 5.5 [32,39]. For this reason, the 
SiO2/Al2O3 ratio Fig. 2 is compared the compressive strength shown in 
Fig. 1. From this it can be seen that the pure fly ash geopolymer FA_100 

Fig. 1. Mean values of compressive strength with increasing substitution of fly 
ash by concrete rubble. 
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is the only sample grade within the range described as optimal by the 
literature. The more fly ash is substituted by concrete rubble in the 
sample batches, the more this scope is exceeded. The compressive 
strength curves do not follow this trend, but develop without any 
apparent dependence on the SiO2/Al2O3 ratio. It is very likely that a 
considerable amount of SiO2 from the concrete rubble is present in the 
specimens as an inert filler, which is why the correlation cannot be 
established. This agrees with the observations from 2.1.1 Geopolymer 
synthesis. On the other hand, it seems reasonable to assume that there is 
a correlation between the strengths formed and the mixture of N-A-S-H 
and C-A-S-H gel phases in the different composite materials. This is 
because the increasing substitution of fly ash by concrete rubble reduces 
the amount of aluminates available for the setting reaction, while 
increasing the amount of calcium hydrates available. It is known from 
the literature that in this way C-A-S-H gel formation is preferred over 
N-A-S-H gel formation. However, these two phases can also coexist, as 
described in 1. Introduction. The results available in this work suggest 
that an optimal mixture of N-A-S-H and C-A-S-H gels supports the for-
mation of maximum strength values. Thus, it can be explained that the 
compressive strength increases by substituting fly ash with concrete 
rubble initially up to a 1/1 mix ratio, where the best ratio of N-A-S-H- to 
C-A-S-H-gel is present. If the concrete rubble addition is further 
increased beyond this, lower compressive strengths are again achieved. 
The sample batch consisting exclusively of concrete rubble, which due to 
its chemistry should mainly form a C-A-S-H gel, develops by far the 
lowest strengths, while the sample batch, consisting of pure fly ash, 
which due to its chemistry should mainly form an N-A-S-H gel, reaches 
comparatively high compressive strengths. This fact can be explained by 
the fact that a C-A-S-H gel has a lower degree of crosslinking than an 
N-A-S-H gel, as described under 1. Introduction. 

A comparison of the mechanical parameters of the concrete rubble 
fly ash geopolymers measured in this work with literature data could 
only be carried out to a limited extent due to different chemical com-
positions of the input materials and products. Thus, compressive 
strengths of σd = 33 MPa are achieved by Lampris [29] for geopolymers 
made from concrete waste containing 20 wt % metakaolin. Vásquez [31] 
determined compressive strengths of 46 MPa with a mixture of concrete 
waste and 10 wt % metakaolin. In the present work, similar compressive 
strength values could already be achieved with the geopolymer batches 
of pure concrete rubble. Robayo-Salazar [40], Zaharaki [41] and Kom-
nitsas [30] achieved relatively low compressive strengths of σd = 7 Mpa, 
σd = 8 Mpa and σd = 13 Mpa, respectively, with geopolymers prepared 
from pure concrete waste. Only by adding 30 wt % Portland cement, 
Robayo-Salazar [40] was able to demonstrate compressive strengths 
comparable to the pure concrete rubble batch presented here with σd =

34 Mpa. All geopolymers prepared in this work, which are composed of 
mixtures of concrete rubble and fly ash, achieve compressive strengths 

higher by a factor of 3 than the mixtures known from the literature. 

3.1.2. Thermal conductivity and raw density 
Fig. 3 shows the results of the thermal conductivities λ10,dr. and Fig. 4 

shows the raw density ρroh in graphical form. The amount of fly ash 
replaced by concrete rubble was always plotted on the abscissa in wt%, 
against either thermal conductivity or bulk density on the ordinate. 
Here, the geopolymer grade consisting of pure fly ash exhibits the lowest 
raw density of ρroh = 1.69 gcm− 3 with an average thermal conductivity 
of λ10,dr. = 0.354 W m− 1K− 1. When increasing percentages of fly ash are 
substituted by concrete rubble, the raw density and the thermal con-
ductivity λ10,dr. initially increase significantly. Thus, after substitution of 
33 wt% fly ash with concrete rubble, the geopolymer batch shows a raw 
density of ρroh = 1.75 gcm− 3 and a thermal conductivity of λ10,dr. =

0.439 W m− 1K− 1, and the geopolymer batch with a fly ash concrete 
rubble fraction of 50/50 wt % shows the highest raw density of ρroh =

1.80 gcm− 3 with a thermal conductivity of λ10,dr. = 0.526 W m− 1K− 1. 
Based on this value, the raw density remains at a constant saturation 
level when the proportion of concrete rubble is further increased. The 
thermal conductivity λ10,dr. increases steadily up to the geopolymer 
approached where 66 wt % fly ash is substituted by concrete rubble, to 
drop slightly at the geopolymer batch made of pure concrete rubble. In 
this way, geopolymer batch with 66 wt% fly ash replaced by concrete 
rubble reaches the highest thermal conductivity measured in this work 
of λ10,dr. = 0.608 W m− 1K− 1 at a raw density of ρroh = 1.79 gcm− 3. The 
pure concrete rubble grade notes a slightly lower thermal conductivity 
of λ10,dr. = 0.558 W m− 1K− 1 at the same raw density of ρroh = 1.79 
gcm− 3. 

3.2. Structural analyses 

3.2.1. IR spectroscopie 
IR spectroscopy can be used to elucidate the structures of geo-

polymers [42]. For this purpose, the IR spectra of the starting materials 
concrete rubble and fly ash (Fig. 5) were first recorded and compared 
with the IR spectra of the geopolymer batches produced from them 
(Fig. 6). The IR spectrum of the fly ash shows transmision bands at 3120, 
1016, 776 and 447 cm− 1. The 1016 and 447 cm− 1 peaks are the main 
bands of the silicon-oxygen and aluminum-oxygen bonds, as has also 
been shown similarly by Bohra [43]. In the unreacted fly ash, the 
asymmetric vibrational bands at 1016 cm− 1 and the symmetric vibra-
tional bands at 776 cm− 1 are attributed to the presence of quartz. The 
signal between 560 and 550 cm− 1 indicates octahedrally coordinated 
aluminum of the mullite [44]. The IR spectrum of the concrete rubble 
shows transmission bands at 3340, 1415, 987, 874, 777, 712, and 448 
cm− 1. Again, the main bands of the Si–O and Al–O bonds are in a similar 
range to those of the fly ash used at about 987 and 448 cm− 1, as also 

Fig. 2. SiO2/Al2O3 ratios with increasing substitution of fly ash by con-
crete rubble. 

Fig. 3. Thermal conductivities λ10,dr. with increasing substitution of fly ash by 
concrete rubble. 
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described by Frost and Horgnies [45,46]. In addition, the spectrum of 
the concrete rubble exhibits a main band at 1415 cm− 1, consistent with 
the asymmetric vibrational bands of the O–C–O bonds of the calcium 
carbonates [47–50]. The IR spectra of the investigated geopolymer 

batches are shown in Fig. 6. The main transmission bands are located at 
3380, 1429, 977 and 449 cm− 1. The broad transmission band at about 
3400 cm− 1 is attributed to the O–H groups of the silanols and the 
hydrogen bonds between attached water molecules and the silanols. The 
band at 1644 cm− 1 is characteristic for water molecules bound to the 
inorganic basic structure. Accordingly, these bands, which are not pre-
sent in the starting materials, indicate newly formed sinalol groups and 
water molecules bound into the geopolymer and are thus a first indicator 
that geopolymerization has taken place [51–53]. 

A particularly important band in relation to the geopolymerization of 
fly ash is that around 1016 cm− 1, which the IR spectrum of the concrete 
rubble shows at 987 cm− 1. This is the asymmetric vibrational bands of 
the Si–O–Si and Si–O–Al compounds (abbreviated Si–O-T, where T can 
stand for Al or Si). This has already been noted in the literature and it is 
known that the intensity of this band is proportional to the reactivity of 
the starting materials [54]. This prominent band shifts to lower wave-
numbers due to the geopolymerization of fly ash, just like the IR spectra 
examined in this paper. This shift (peak shift) clearly shows that a re-
action has taken place resulting in a structural change of the material. 
The large shift towards lower wavenumbers can be explained by the 
replacement of SiO4 tetrahedra by AlO4 tetrahedra. This changes the 
chemical environment of the Si–O bonds [11,43]. If the shift is more 
intense, it can be assumed that more AlO4 tetrahedra are incorporated 
into the SiO4 backbone, as has been observed analogously in studies of 
zeolites [55–58]. This behavior is explained by the force constant, which 
is higher in Si–O bonds than in Al–O bonds. A lower force constant leads 
accordingly to lower wavenumbers [59]. Fig. 7 a) shows the peak shift 
towards ever decreasing wavenumbers of the Si–O-T bond vibrations. 
The more fly ash is substituted by concrete rubble, the lower the 
wavenumbers of the Si–O-T bonds are shifted. It can be concluded that 
increasing addition of concrete rubble favors the incorporation of Al3+
into the geopolymer network. This would lead to better cross-linking 
and thus increasingly higher compressive strengths. However, since 
the compressive strengths reach their maximum at geopolymer batch 
CR_2 instead of CR_4 and it is known from the previous XRF analyses 
2.1.1 Geopolymer synthesis that the amount of available aluminum 
decreases, a second effect must exist in parallel. Since the addition of 
concrete rubble increases the calcium content of the compounds, it 
suggests itself, as described under 1. Introduction, that in addition a 
more poorly crosslinked C-A-S-H gel is formed. The less the gel is 
crosslinked, the stronger the peak shift in the direction of lower wave-
numbers will be [37,60]. 

The band of the O–C–O bonds of carbonate compounds occurs in the 
starting material concrete rubble at 1415 cm− 1 and in the geopolymer 
products between 1450 and 1408 cm− 1. No carbonate compounds can 
be detected in the fly ash. In the case of the geopolymer batches CR_1 to 
CR_4, which contain concrete rubble, calcium carbonates have already 
been introduced by the feedstock. This is not the case in the pure fly ash 
geopolymer FA_100 for the reason mentioned. In accordance with 
literature data, it can be assumed that sodium carbonates are formed by 
reaction of excess sodium of the activator solution with carbon dioxide 
of the surrounding atmosphere [52,56]. Previously, it is described that 
due to increasing concrete rubble content in the geopolymer batches, the 
formation of C-A-S-H gel is preferred over N-A-S-H gel. From this 
context, the amount of unused sodium from the activator solution must 
also increase with increasing concrete rubble content and increasing 
C-A-S-H gel formation. The unused sodium further reacts with CO2 from 
the surrounding atmosphere to form sodium carbonate, as described 
above. On the one hand, this results in an increase in the carbonate peak 
above the amount of carbonates introduced by the concrete rubble in the 
form of calcium carbonates. On the other hand, the increasing sodium 
carbonate formation can be detected via the peak shift of the O–C–O 
band between 1415 and 1450 cm− 1, which is shown in Fig. 7 b) [61–63]. 

3.2.2. X-ray diffraction analysis 
The input materials fly ash and concrete rubble Fig. 8 a) and b), as 

Fig. 4. Raw densities with increasing substitution of fly ash by concrete rubble.  

Fig. 5. Infrared transmission spectrum of the input materials fly ash and con-
crete rubble. 

Fig. 6. Infrared transmission spectrum of the manufactured geopolymer 
batches FA_100, CR_1, CR_2, CR_3 and CR_4. 
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well as the differently composed geopolymer batches FA_100, CR_1, 
CR_2, CR_3 and CR_4 Fig. 9 a) to e) were examined by means of X-ray 
diffraction analysis (XRD). From these investigations, it can be deter-
mined whether geopolymerization of the input materials has occurred. 
This can be determined from the X-ray amorphous subsurface elevation 
in the XRD diagram, which is approximately 2Θ = 25◦ for the fly ash 
used here and approximately 2Θ = 27◦ for the concrete rubble. During 
polymerization, a more disordered structure is created in the geo-
polymer matrix that is formed, in which the atoms are bonded further 
away from each other compared to the input materials [64]. This results 
in a shift of the X-ray amorphous phase towards higher ◦2Θ-values [65]. 
Furthermore, it can be elucidated how much amorphous phase has 
formed in the produced geopolymer batches by qualitatively evaluating 
an integration of the area under the X-ray amorphous phase of the 
respective XRD diagram [43]. In this way, a reliable statement can be 
made about the increase or decrease of the amorphous phase without 
losing signal intensity through the use of a spike material as in a classical 
Rietveld analysis. In this way, it is also possible to clarify the mineral-
ogical composition before and after geopolymerization from the same 
analysis. Fig. 9 a) to e) show the diffractograms of the investigated 
geopolymer batches, which are compared with the starting materials 

Fig. 8 a) and b). This shows that for all geopolymers, the X-ray amor-
phous region was shifted significantly, from 2Θ = 25–27◦ of the input 
materials to higher angles between 2Θ = 28–30◦. This shift indicates 
that geopolymerization has taken place, as already expected from the 
results obtained in sections 3.1.1 Compressive strength and 3.2.1 IR 
spectroscopy. From the integral evaluation of the areas under the X-ray 
amorphous region of the reactants and the products, it can be seen that 
the pure fly ash geopolymer FA_100 has the highest amorphous fraction 
and the pure concrete rubble geopolymer the lowest. The amorphous 
fractions of the produced geopolymer batches are all in between. If the 
proportion of concrete rubble is steadily increased, the mass fraction of 
amorphous phase formed continuously decreases from geopolymer 
batch CR_1 to CR_4. At 2Θ = 29.5◦, the C–S–H phases typical for con-
crete can be detected [66], which are not detected in the fly ash as well 
as in the FA_100 batch. In all concrete rubble containing geopolymer 
batches, one of the reaction products resembling a weakly ordered 
C–S–H structure can be detected at 2Θ = 29.5◦. This shows that in 
addition to the N-A-S-H gel detected between 2Θ = 28–30◦, at 2Θ =
29.5◦ a C-A-S-H gel is present as a reaction product of alkaline activa-
tion, as is known from the literature for alkaline activated slags [67–70]. 
As the concrete rubble fraction increases, the intensity and width of the 

Fig. 7. Peak shift of Si–O-T bond oscillations a) and peak shift of O–C–O bond oscillations b).  

Fig. 8. X-ray diffraction diffractograms of fly ash a) and concrete rubble b).  
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Fig. 9. X-ray diffraction patterns of the prepared geopolymer batches FA_100 a), CR_1 b), CR_2 c), CR_3 d) and CR_4 e).  
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structure observed at 2Θ = 29.5◦ increases, while the X-ray amorphous 
region decreases at 2Θ = 28◦. Since a discrete peak attributable to CSH 
phases is discernible, it can be assumed that parts of this phase are 
composed of crystalline components. The downward increase in peak 
width and the resulting second amorphous hump indicate that parts of 
this phase are also composed of amorphous constituents. This observa-
tion confirms the assumption made in 3.2.1 IR spectroscopy above that 
N-A-S-H gel and C-A-S-H gel are mixed in the measured batches and that 
the proportion of C-A-S-H gel increases and that of N-A-S-H gel decreases 
with increasing concrete rubble content. This coexistence has already 
been demonstrated by Magic Angle Spinning Nuclear Magnetic Reso-
nance for alkaline activated mixtures of slags and fly ashes [71]. In all 

geopolymer batches, the quartz introduced by the sand and gravel of the 
concrete rubble could also be detected after the reaction. This shows that 
they are almost inert as fillers in the compounds without reacting off. 

3.2.3. Scanning electron microscopy 
Fig. 10 a) to e) show the SEM images of the geopolymer fracture 

surfaces. Fig. 10 a) shows the fracture surface of the pure fly ash geo-
polymer FA_100 with not completely reacted round fly ash particles 
surrounded by matrix material. Fig. 10 b) to e) show the geopolymer 
fracture surfaces with increasing concrete rubble content and decreasing 
fly ash content in the order from Fig. 10 b) sample with 66 wt % fly ash 
to Fig. 10 e) geopolymer sample without fly ash, from pure concrete 

Fig. 10. SEM images of geopolymer fracture surfaces of batches FA_100 a), CR_1 b), CR_2 c), CR_3 d) and CR_4 e) each at magnification 2 kx.  
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rubble. With decreasing fly ash and increasing concrete rubble content, 
both Si/Al and Na/Al ratios increase (Table 2). From the comparison of 
SEM images, it can be seen that as the fly ash content decreases, the 
number of unreacted fly ash particles also decreases. The pore spaces 
surrounding the fly ash particles indicate ongoing reaction and gel 
development after the binder has cured. The fly ash particles of different 
sizes as well as pores suggest an incomplete reaction of the fly ash 
particles [72]. 

The comparison of the SEM micrographs also shows that with an 
increasing proportion of concrete rubble, the number of larger, 
unreacted crystals, which are introduced into the material by the con-
crete rubble itself, initially increases with the addition of 33 wt %. If the 
concrete rubble content is further increased to 50 wt % Fig. 10 c), the 
fracture surface exhibits significantly fewer large crystals, but more 
small crystals grown into the matrix. The matrix surface appears rougher 
than that of the FA_100 batch. If the concrete rubble content is increased 
to 66 wt % Fig. 10 d), the matrix surface is even rougher. The pure 
concrete rubble batch CR_4 Fig. 10 e), on the other hand, again exhibits a 
smooth fracture surface, which, however, appears less “honey-like” than 
that of the FA_100 batch Fig. 10 a). This change in fracture surfaces 
confirms the previous results of 3.2.1 IR spectroscopy and 3.2.2 X-ray 
diffraction analysis that two distinct gel phases (N-A-S-H and C-A-S-H) 
coexist. In the sequence of images Fig. 10, the number of smaller crystals 
grown into the matrix increases. This can be attributed to the increasing 
Na/Al ratio, due to the higher concrete rubble content. An increasing 
crystal growth due to an increase of the Na + ion concentration is 
already described in the literature [13,73]. From the SEM examination it 
can be seen that all batches form a continuous matrix phase, be it 
N-A-S-H, C-A-S-H or a mixture, which explains the comparatively high 
compressive strengths. 

4. Discussion 

Based on the peak shifts of certain band positions in the IR spectra, it 
is found that both N-A-S-H gel and C-A-S-H gel coexist in the samples 
with high probability. The highest N-A-S-H gel content is expected in the 
pure fly ash batch FA_100 and the highest C-A-S-H gel content in the 
pure concrete rubble batch CR_4. This hypothesis could be confirmed by 
XRD by detecting an amorphous N-A-S-H gel phase between 2Θ =
28–30◦ and a partly crystalline, partly amorphous C-A-S-H gel phase at 
2Θ = 29.5◦. Thereby, by integral evaluation of the amorphous humps of 
the diffractograms, it can be shown that batch FA_100 mainly forms a N- 
A-S-H gel phase, which decreases with increasing concrete rubble con-
tent, while the C-A-S-H gel phase increases. Accordingly, the highest C- 
A-S-H gel content is detected in batch CR_4. This also shows that con-
crete rubble is at least partially dissolved and subsequently participates 
in the geopolymer reaction. This means that pure concrete rubble is in 
principle suitable as a matrix material for geopolymers, as evidenced by 
the composition of geopolymer sample CR_4 consisting of pure concrete 
rubble. 

It is assumed that the described nanoscale structures, which coexist, 
significantly influence the material properties. For example, the FA_100 
batch composed of pure fly ash already achieves relatively high 
compressive strengths of σd = 83.2 MPa due to its highly cross-linked N- 
A-S-H structure. These compressive strengths are clearly exceeded by 
additional formation of partly amorphous and partly crystalline, but less 
well cross-linked C-A-S-H structures of the concrete rubble-containing 
compositions CR_1, CR_2 and CR_3. The highest compressive strengths 
of σd = 113.2 MPa are achieved by the 1/1 mixing ratio of fly ash and 
concrete rubble of the CR_2 batch. The geopolymer batch CR_4, 
composed mainly of less cross-linked C-A-S-H structures, of pure con-
crete rubble, shows by far the lowest compressive strengths of σd =

25.65 MPa. 
The development of the raw densities and thermal conductivities λ10, 

dr. of the compositions investigated in this paper are also significantly 
influenced by the structures present. The geopolymer FA_100, consisting 

of pure fly ash and thus mainly of highly cross-linked amorphous N-A-S- 
H structures, exhibits the lowest raw density of ρroh = 1.69 gcm− 3 and 
the lowest thermal conductivity of λ10,dr. = 0.354 W m− 1K− 1 of the 
compositions investigated. When fly ash is increasingly replaced by 
concrete rubble, raw density and thermal conductivity increase linearly 
and directly proportional to each other. The geopolymer batch CR_2 
exhibits the highest raw density of ρroh = 1.80 gcm− 3 with a thermal 
conductivity of λ10,dr. = 0.526 W m− 1K− 1. This can be explained by the 
C-A-S-H structure formed in addition to the N-A-S-H structure. Due to 
this additional phase, the density of the formed material increases, 
which has a negative effect on the thermal conductivity and increases it, 
as previously described. If the concrete rubble addition is further 
increased, the raw density remains at the same level. The highest ther-
mal conductivity of λ10,dr. = 0.608 W m− 1K− 1 measured in this work is 
exhibited by sample batch CR_3, while geopolymer batch CR_4 ranks just 
below with λ10,dr. = 0.558 W m− 1K− 1. 

5. Conclusion 

In the paper presented here, geopolymers are produced on a labo-
ratory scale from fly ash, concrete rubble and an alkaline activator so-
lution. The aim of the investigations was, on the one hand, to test 
whether concrete rubble is suitable in principle as a matrix material for 
geopolymerization and what influence increasing additions have on the 
setting reaction, the structures formed and the associated material 
properties of the geopolymers. 

All geopolymer batches of different compositions investigated here 
show suitable compressive strengths, including the batch with the 
designation CR_4 produced from pure concrete rubble. By means of IR 
spectroscopy and XRD analysis, the course of geopolymerization can be 
clearly demonstrated. This can be determined on the one hand by the 
shift or new formation of transmission bands of Al–O, Si–O and O–H 
units when comparing the starting materials with the resulting products, 
which are detected by IR spectroscopy. On the other hand, it is shown by 
XRD analysis that amorphous geopolymer phases are formed in all the 
compositions used here, which can be imaged by scanning electron 
microscope. 

From the investigation, it is clear that the developments of 
compressive strengths and thermal conductivities are dependent on the 
phases formed in the geopolymer and vary depending on the composi-
tion. Taking into account the results presented here, a property-oriented 
building material development of fly ash-concrete rubble geopolymers, 
with improved properties compared to conventional building materials, 
is possible. It therefore makes sense to continue this development not 
only with regard to a decarbonized industry, but also with regard to 
better material properties of geopolymer products compared to con-
ventional building materials. 
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