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Abstract: Concrete is an ecological material with a high potential to adapt to specific operating
conditions, and the lowest carbon footprint as it is made from local raw materials—aggregate, cement,
water, admixtures, and mineral additives. It is the most widely used composite material among
those that are man-made and second only to water in the entire range of materials used. The aim
of this research was to assess the possibility of using fly ash from the thermal treatment of sewage
sludge as an alternative additive to concretes resistant to environmental influences occurring in
communication tunnels. A concrete mix based on CEM I 42.5R Portland cement with various ash
content of 0–20% of the cement mass was designed for the experimental work. In the course of the
experimental work, the compressive strength was measured after three maturing periods, and the
influence of both high temperature and the material modification on the course of carbonation were
determined. The test results confirm the possibility of producing plain concrete, modified with fly
ash obtained from the thermal treatment of sewage sludge. The highest average compressive strength
of 43.6 MPa, 45.6 MPa, and 51.2 MPa after 28, 56 and 720 days of maturation, respectively, was for
concrete containing 10% ash.

Keywords: concrete; waste-fly ash from sewage sludge; fire protection; tunnels

1. Introduction

Tunnel fires can have a catastrophic impact on the community, tunnel systems and
others in the vicinity of the structure. The majority of the tunnel fires reported in the last
decade were caused by chemical spills. As expected, many of these incidents involved
heavy-duty vehicles (HGVs) unclassified as dangerous [1], which suggests that a ban on
entering a tunnel by a railway driver would not cause any damage. Fires in underground
tunnels can cause a constant increase in temperature, which can last for a long time, since
they usually cause inefficient ventilation. Due to the reported fires, the tunnel temperature
was significantly higher than 1000 ◦C and continued for a few days [2]. As a result, the
materials used in the construction of a concrete tunnel are now expected to fulfill a set
of restrictive requirements. From time to time, there has been a lot of ash used in their
production. The development of the sewerage network and the cleaning of municipal
sewerage plants has led to the construction of larger sewers (SS). Approximately 13Mt
of dry material is produced annually in the countries of the European Union [3]. The
foundry settlements are characterized by a high-water content of up to 95–99%, and as they
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have a non-homogeneous physico-chemical composition, they include azote and potato
storage vessels, as well as heavy metals, such as: Hg, Zn, Cd, Cr, Cu, Ni, Pb, As, Sb, Se, Ba,
Mo [4,5]. In Europe, the most popular method of utilizing rising settlements is the thermal
method. Here, fluid, heating, or revolving boilers [6–8] will reduce the amount of waste
(settlement), providing energy is not a sufficient solution, as it generates ash and air, which
should be used. Given the importance of a zero-emission economy, ascites from the thermal
development of tackle settlements should be treated as a potential material for use in the
production of construction materials. The advantage of using airborne ash in building
materials is the destruction of pathogens during the traction process, the immobilization
of heavy metals in the fired matrix, the suppression of organic matter, and the increase
in resistance.

The aim of the research performed on cement composites modified with fly ash from
the thermal processing of sewage sludge (SSA) was to assess the possibility of the rational
use of such waste as a cement substitute in the production of concrete resistant to high
temperatures and the phenomenon of thermal chipping. As part of the pilot tests, in
addition to the compressive strength and the depth of water penetration under pressure,
the influence of high temperatures on the properties of the designed cement composite was
determined. This article also presents the influence of this type of material modification
on the course of concrete carbonation as well as the results of the tests and analyzes of the
properties of fly ash from sewage sludge. Research on carbonization is currently underway
and will be presented in the next publication on the use of fly ash from sewage sludge.

2. Review of the Literature on the Subject

The subject of the research and publications [9–11] was the possibility of applying
ashes to construction cells, considering the fulfillment of both the environmental and
technical criteria. Ash from ash settlements can be used as an active addition to cement
production [12]. Moreover, the hydraulic and pozzolanic properties and the chemical
composition (earth, iron, lime, clay, magnesia, phosphorus, and oxygen) of these fly ashes
are used as a substitute for Portland cement parts in concrete [13].

The amount of SSA ash produced is about 100 times smaller compared to the fly ash
generated from the combustion of hard coal or lignite. However, their use is not a significant
problem because it is widely used as an active additive to cement binders, concretes, or
mortars [14,15].

Much of the research in the literature concerns the influx of ash, representing the part
of the Portland cement that is in the property of the extravagant cementitious composites,
that are used as essential technical determinants.

In the research [16] concerning mortars, the cement was mentioned to contain an
amount of ash from sewage sludge of between 15 and 30% by weight. One report, which
covered 15% of the population, showed a comparable level of contamination to that con-
ventionally reported; thus, this report does not negatively affect the validity of the findings.
The gross burning of the ash causes a drop in extravagance on the squeezing and shredding
of the material [17]. In other research performed by these authors, the general impact of
the burning of the settlement is described, based on the freshness of the research, which is
based on changes in the solution. It has been argued that the partial replacement of cement
by ash leads to a reduction in the flexibility of the mix. The use of a superplasticizer is
practical. An additional analysis of the use of malting agents from concrete fixtures and
concretes showed that this method of ash utilization did not endanger the safety of the
natural environment. Ashes from large settlements are found in phosphorus [18,19].

The analysis of the ash hydration process from the settlement, described by Lin
(2005), showed that by representing an ash of 20% of the mass storage of minerals used
in the cement production, a solution can be obtained that meets the required cement
requirements. Research into crushing and microstructure has confirmed the cement ability
of eco-cement in the development of structures and structural concrete [20,21]. Research
was also performed on the joint settlement within a high-rise settlement, which can replace
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the cement. The old settlements are lined with limestone, then ground and burnt. The
analysis was concerned with the optimal proportions of ash and lime in the composition of
the mixture, the conditions of combustion (temperature and time), and the conditions of
hardening. It has been found that the tests that cover 50% of the settlement, which were
heated at a temperature of 1000 ◦C, kept in the air conditions, which then demonstrated
the highest resistance to squeezing [22].

Chang et al. confirmed that the addition of ash from a high-impact settlement affects
the increase in water absorption resistance within construction materials. In addition, this
work reduced the amount of processing required and the amount of material recovered.
The most common conditions were obtained at 10% ash population [23]. This is consistent
with the information provided by other authors, where the small amount of ash from the
quarry settlement in cementitious materials yields between 5% and 20% [11,21,24].

In the Baeza-Brotons research (2014), popular ash was introduced to concrete blocks
at 5, 10, 15, and 20%. Concrete blocks have been shown to have converged mechanical
properties into conventional blocks, 28 days after completion. Further, the addition of ash
has been used to reduce water absorption. The blocks in which sand replaced 10% of the
ash showed the best parameters, relating to density, absorption, and capillarity. The use
of such a prepared raw material is chosen as it is better for filling the scales than in the
application of the standard mixture. This can indicate significant environmental damage
due to the lasting survival of the population in the month and the lower washings; in
particular, of metal [25].

Chen (2013) analyzed the potential for the use of ash as a cement substrate and/or a
sand substrate in construction materials, considering both the technical and environmental
criteria. The construction and concrete created by replacing parts of the cement and parts
of the sand have shown less persuasiveness for detection and sanding in comparison to
traditional waste. It has also been confirmed that, when a stock containing an amount of 10%
is similar, it has a similar mechanical and durability capacity to push for a conventional right.
Considering the technical specifications and environmental standards, the exploitation of
ash from the settlement in the construction materials is possible [26].

It should be borne in mind that the remediation of the storage and disposal of air ash
from the thermal recovery of tackle settlements will generally be used as active additions to
concrete. The generality of ashes in the amount of 25% of the weight of the cement is used
to counteract the bonding process and the increase in the number of scraps of concrete and
concrete in comparison with the use of cement is increased. However, by extending the
finishing time, it is possible to obtain the durability required for structural concrete [27]. It
is, therefore, argued that the widespread increase in concrete congestion from co-firing can
be attributed to the generality of the phosphate ions, which support the process of cement
hydration [28,29].

Sewage sludge ash can be used as an active supplement in the mixing of cement [12].
The chemical composition (silica, iron, calcium, aluminum, magnesium, phosphorus)
as well as the hydraulic and pozzolanic properties of ashes from sewage sludge used
as a replacement for Portland cement in concrete are analogous to traditional mineral
additives [13].

Long-term field research [30] has shown that the introduction of ashes from the
settlement into the construction of main roads (under the state war) does not lead to threats
to the environment (land, water) by the washing out of heavy metals. Shirodkar et al.
(2013) investigated the addition of ash to a hot asphalt mixture as a mineral filler and/or
as a crustaceous substrate in a small-scale mixture. The results showed that resistance to
asbestos baking and asbestos, covering between 0% and 2% of the ash, has been comparable
to conventional asphalt [31]. The Tenza-Abril research (2014) also analyzed the preservation
of bituminous mixtures fed with ash taken from peasant settlements as a mineral filler.
The researchers confirmed that the population can be used in bituminous mixtures in the
amount of 2–3% by weight, strengthening the corresponding position of friendliness and
the consistency of the companies in the past, as well as in the public domains. The use of
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bituminous mixtures in addition to ash does not reduce the risk of exposure to chemical
traffic, but it can affect the asphalt level of asphalts [32]. The use of ash from settlements
as a stabilizing additive for land-cement mixtures used in the construction of dumps and
surface chemicals was the subject of research performed by Durante Ingunza et al. (2014).
Concentration tests were performed on crushing soil-cement mixtures using a cement
content of 3, 6 and 9% and 5, 10, 20 and 30% ash content, in both normal and modified
cleaning conditions. Then, the pressure was increased for squeezing all of the ash trials. The
addition of 20% ash to the mixture increased the results by 26% compared to the mixture
without the ash [33].

In total, the survey of cementitious composites modified with fly ash from thermal
resurfacing has been valued by the possibility of the rational use of such wastes as cement
substitutes in the production of high-impact heat-resistant concrete. As part of the pilot
research, the resistance to squeezing, the depth of penetration of water under the tank, and
the influence of high temperature separation on the properties of the designed cementitious
composite were all assessed. This article also presents the effect of this type of material
modification on the course of the concrete carbonation, and the results of the research and
analysis of the characteristics of lotions obtained from check-in settlements.

This article focuses only on the use of this additive in concrete. This use eliminates the
possible emission of heavy metals into the environment (which is confirmed by leaching
tests) [5,34,35]. The presented research results may be particularly helpful in the design of
cement composites used in road construction.

3. Thermal Fire Conditions in Tunnels

A well-designed fire scenario for communication tunnels will provide input taxes
for each type of requirement needed to carry out forecast and fire protection assessments
pertaining to construction safety and human protection. The design fire scenario can be
obtained by deterministic methods, where the design curve represents the hottest possible
fire, or it can be based on the analysis of the risk [36]. The safety of the fire tunnel is a
combination of a set of elements needed to execute the accepted scenario of the described
temperature-time curve. In general, there are several curves describing a fire that starts in a
tunnel. One of the most frequently exploited is the RWS curve, which remained in the early
1980s in the Netherlands [37]. There are two groups of curves used in Germany, but also
considered in China, by the RABT, which in the first five minutes of the fire was 1200 ◦C.
The described curves are presented in Figure 1.
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In comparison with the curves used to investigate the resistance of the structural
elements, the development of the fire in the tunnel is characterized by greater dynamics
and by what can increase the temperature. Apart from the fact that concrete itself is a
non-combustible material, it is the constant increase in temperature that causes damage.
Explosive combustion is the most dangerous type of concrete blasting. It emits within
20–30 min of a fire starting, when the temperature in the concrete is 150–300 ◦C [38–40]. The
reason for the explosive burning of concrete is the act of securing the heated concrete of two
mechanisms. First, it increases the water vapor pollution in the foundations of the concrete.
The second mechanism is the development of the dispersal of discharges caused by the
thermal decontamination of concrete. The rise of the temperature gradient results in an
increase in the cross-section between the concrete rails, and this can lead to the appearance
of spalling [41–44].

4. Materials and Methods

As part of the experimental research, a concrete mix of ordinary cobs C20/25 on
consistency S2 was designed according to the PN-EN 206+A2:2021-08 method of three
equations by Bukowski. The concrete mix was made of CEM I 42.5 R Portland cement
(Cement Ożarów SA, Ożarów, Poland), in accordance with the requirements specified
in PN-EN 197-1:2012; natural slag with a 0–16 mm according to PN-EN 12620+A1:2010;
and water compliant with PN-EN 1008:2004. The components of the mixture are show in
Figure 2. In all of the tests, the same scrapper composition was collected at the base of the
curved crossings 0–16 mm (Figure 3). As a mineral supplement to the concrete mix, a fly
ash from the fluid combustion of municipal settlements in the “Płaszów II” sowing plant
in Kraków was used. The physical and chemical parameters, and the phase composition
of Portland cement used are shown in Tables 1 and 2. The incineration technology for
high-pressure fluids at a temperature of around 900 ◦C, generally used for candles, is
the most effective method of thermal transfer. It guarantees both apartment security and
protects the environment. The resulting fly ash is a dry material of a characteristic red-pink
color, which varies greatly from ash derived from ash burning, the color of which oscillates
in the rock [45–48].
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Figure 3. The concrete is crushed into a concrete mixer.

Table 1. Physical properties and phase composition of cement CEM I 42.5 R.

Specific Surface Area
Blaine’a [cm2/g]

Beginning of Binding Time
[min]

Compressive Strength after
2 Days [MPa]

Compressive Strength after
28 Days [MPa]

3328 219 21.0 49.7

The share of mineral phases CEM I [5 mass]

C3S—55.53 C2S—14.58 C3A—8.16 C4AF—6.84

Table 2. Chemical properties of cement CEM I 42.5R.

Roasting Loss [%] Sulfate Content SO3 [%] Chloride Content Cl [%] Alkali Content Na2Oeq [%] SiO2 [%]

3.18 2.97 0.05 0.76 20.20

Al2O3 Fe2O3 CaO CaOw MgO

4.40 2.43 64.37 1.97 1.98

To carry out the analysis of the possibility of exploitation as a partial substitute for
cement ash in the areas of thermal rescue of prepared settlements, the mixture was prepared
based on the various content of the supplement (0%, 5%, 10%, 15%, 20%)—completing
the optimization of water and cement and considering the volume of the interchangeable
components—Table 3.

Table 3. Concrete mix proportions by weight.

Specification
Mass of Concrete Ingredients [kg/m3]

Water Aggregate Cement Fly Ash

Concrete BZ 187.11 1834.27 374.21 -

Concrete with quantity 5% of fly ash—FA5% 187.11 1834.27 355.50 18.71

Concrete with quantity 10% of fly ash—FA10% 187.11 1834.27 336.79 37.42

Concrete with quantity 15% of fly ash—FA15% 187.11 1834.27 318.08 56.13

Concrete with quantity 20% of fly ash—FA20% 187.11 1834.27 299.37 74.84



Appl. Sci. 2022, 12, 1802 7 of 20

As part of the evaluation of the properties of the concrete mix with the addition of fly
ash from the thermal treatment of sewage sludge, tests were performed on the prepared
slurries: apparent density (PN-EN 12350-6:2011); consistency by the drop cone method
(PN-EN 12350-2:2011); and the pressure method air content (PN-EN 12350-7:2011). The
methodology of the research on the effect of sewage sludge ash on the compressive strength
after 28, 56 and 720 days of maturation was developed based on PN-EN 12390-3:2011.
The strength tests were conducted with the use of hydraulic work H011 Matest (Italy).
The tests were performed on cubic samples with dimensions of 10 cm × 10 cm × 10 cm,
prepared in plastic molds and compacted on a vibrating table. In addition, the samples
were tested for their resistance to high temperature; their susceptibility to water penetra-
tion under pressure, according to PN-EN 12390-08 on cubic samples with dimensions of
15 cm × 15 cm × 15 cm; and the influence of carbon dioxide—carbonation [46–50]. The
carbonation test was performed in a carbonation chamber based on PN-EN 13295:2005 on
10 cm× 10 cm× 50 cm beams. The samples were demolded after one day, following which,
the samples were transferred to the care bath, where they were stored until the individual
tests were performed. The depth of the carbonation front was measured 56 days after the
samples were inserted into the carbonation chamber at a carbon dioxide concentration of
3%. A phenolphthalein solution (1 g of phenolphthalein per 70 g of ethyl alcohol, diluted
in 30 g of distilled water) was used to measure the carbonation front [49–54].

To learn about the physico-chemical properties, there is a need to conduct air pollution
research from the thermal development of high-quality settlements. The chemical com-
position was determined using the energy dispersive X-ray fluorescence (XRF) method
on an Epsilon 3 spectrometer (Panalytical). This was tested with a Na-Am measuring
instrument for devices equipped with an X-ray Rh 9 W, 50 kV, 1 mA, 4096 channel spectrum
analyzer, and 6 measuring filters (Cu-500, Cu-300, Ti, Al-50, Al-200; the polarity activity
was specified in PN-EN 450-1:2012 and ASTM C379-65T. The morphology and chemical
composition of the microcontroller was transmitted using a FEI SEM Quanta 250 FEG scan-
ning microscope, equipped with a chemical dispersion analysis system for X-ray energy
exchange dispersal—EDS (Energy Dispersive X—RayXcopy). Irradiation decomposition
was performed using a laser diffraction test using a Mastersizer 3000 analyzer (Malvern
Instruments, Malvern, UK). The measure is performed in a dispersing target (demineralized
water) in the generality of the ultrasonic probe in the cell of the larger aggregates of the
tested probes. The analyzed beam had the size of equivalents ranging from 0.1 µm to
1000 µm. The mineral composition was designed using an X-ray phase analysis (XRD). The
measures were performed using a Panalytical X’PERT PRO MPD X-ray diffractometer with
a PW 3020 goniometer. The X’PERT Highscore software was used for the given diffraction
machines. The identification of the mineral phases were based on the PDF-2 release 2010,
formalized by JCPDS-ICDD [55,56].

5. Results and Discussion
5.1. Physical and Chemical Properties of the Airport

The characteristics of the quality and livelihoods available for municipal sewerage,
depend on the type and location of the sewerage system, the amount of water used,
industrialization, and the standard of living in the area. The composition and number
of checks are subject to change within the annual, monthly, and weekly cycles. It should
be borne in mind that the types of municipal seedlings are not the same and the type of
lotions arising during combustion in fluid furnaces are not the same either. The incidental
waste (waste) is 19 01 14, which requires separate management. In Figure 4, the results of
the analysis of the ground ash collection, taken from a thermal resurrection of the Czech
settlements from the Kraków refueling plant in April, are presented.
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Figure 4. Chemical composition of fly ash from municipal sewage sludge combustion.

Based on the research conducted, it is established that the ash composition from the
peasant settlements is similar to that of ash taken from combustion and co-firing of coal
containing SiO2. The generality of SiO2 is 33.12%. In addition, the CaO content of 14.55%,
P2O5—20.03% and Fe2O3—13.25% was also used in the researched ash. The group of
other ash collectors was used for Al2O3 at 7.25% and MgO at 3.23%. In comparison with
the combustion ashes, the ashes taken from the thermal relocation of Czech settlements
were covered by smaller amounts of SO3. The supplied amount of P2O5 is suitable for the
process of cement hydration. At the beginning of the cement plant, the PO4

3− ions react
with Ca2+ ions to form fine-crystalline calcium phosphate on the cement surface. The start
of the bond is 30 h, and the end is 40 h. In addition, it is argued that low roasting levels of
0.5% and phosphorus ions result in resistance to the crushing of concrete produced from
their plants [57–60].

Low ash burning loss is related to the temperature (above 850 ◦C) and the technique
used for the sewage sludge incineration in a fluidized bed furnace. On the other hand, the
much higher content of phosphates in relation to ash seen in coal combustion is due to
the removal of the phosphorus from the sewage supplied to the treatment plant and its
accumulation in the sludge. The use of this type of ash in concrete requires an extended
maturation period. The ability to maintain the properties of the mixture for a long time can
be used when it is transported over a long distance [25].

This ash is characterized by a large amount of radiation (conglomerates of radiation)
on the average equal value, which is due to their high level of fitness. The degree of
equivalence was—702.1%. The requirement was based on the PN-EN 1097-07:2008 density
of the ash content—2760 kg/m3; and the bulk density—815 kg/m3 frequency based on the
PN-EN 451-2:2017-06 published—46.0% [61,62].

The transmitted chemical analysis in micro—content (SEM—Figure 5) of the pop-
ular ash showed dominance: crosslinking, clay, magnesia, iron, and phosphorus. The
remaining ingredients are lime and pot. The mineral composition is dominated by quartz,
anhydrite and phosphates, which are in the form of apathy and fluorapatite. The distri-
bution of volumes is based on the dominance of the luminous fractions in the range of
20–50 µm—25.25%, 50–100 µm—30.39%, and 100–250 µm—23.89%—Figure 6.
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Figure 5. The SEM image of the researched ash from Kraków includes an EVS analysis: (A) ash
microstructure; (B) ash microstructure; (C) the oxide composition of the ash.
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The composition, physical and chemical properties, and technique used to incinerate
the ashes from sewage sludge make it similar to those of fly ashes obtained from coal
combustion. The presence of the active oxides CaO, SiO2, Al2O3, and Fe2O3 may have
a positive effect on the hardening of mortars and concretes [63,64]. The greater presence
of alumina—Al2O3, as well as calcium and sulphate ions compared to Portland cement
contributes to the formation of calcium sulphaluminate (AFt) and calcium aluminate (AFm)
hydrates [65,66]. The presence of SSA in concrete, and the AFm in it can increase its
resistance to the harmful effects of chloride [66,67]. An additional benefit of using sludge
ash is the ability to immobilize heavy metals [27,68].

5.2. Property of a Concrete Mixer

The results of the concrete mix design are presented in Figure 7. As a result of the
supplement to the contract—the heat of the air ducts of the settlements is negatively affected
by its structure—the concrete quarrel is almost uneven. The concrete mix of the reference
concrete (without addition) has a 45 mm drop; however, the smallest 11 mm drop is taken
up with 20% of cement ash. This reduction may be attributed to greater compliance with
the former addendum. The ash absorbs the free water in the mixture, reducing it in this way.
By analogy to the fluidized combustion of coal dust, it can be concluded that the grains of
this type of fly ash are characterized by a high content of grains (grain conglomerates) with
high open porosity, which translates into high water demand. The degree of porosity for
Kraków was 70.86%.

The additive used is characterized by high water demand and has a negative effect on
the consistency of the concrete mix—the mix is non-workable after a short time. In practice,
the concrete producer, to ensure the appropriate consistency (workability) of the concrete
mix in a sufficiently long time, may add larger amounts of water—which ultimately results
in lower compressive strength, high concrete shrinkage, and low durability—or the addition
of the superplasticizer P2O5 was observed in the tested ashes, which is related to the type
of municipal wastewater delivered to the treatment plant. In the case of ashes obtained
from coal combustion, regardless of the technology, the content of P2O5 is lower than 0.5%.
The addition of this ash to concrete will slow down the cement hydration process. As it is
known, in the liquid phase of the slurry, PO4

3− ions react with Ca2+ as a result of which,
a very sparingly soluble calcium phosphate is precipitated on the surface of the cement
grains in the form of a fine crystalline and poorly water-permeable layer, which significantly
hinders the cement hydration process. Cement containing an increased amount of soluble



Appl. Sci. 2022, 12, 1802 11 of 20

phosphorus compounds binds more slowly. In the conducted tests, the mixture began
to bind the quickest when using the ash from Kraków; the setting started after 30 h, and
ended after 40 h.
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Figure 7. Concrete mix consistency.

The “positive” effect of applying a high-water additive is the reduction in effective
water content in the concrete mix, the water/cement ratio (W/C), or the higher levels of
squeezing (especially during early seasons) [45].

The research conducted confirms the results of other authors, who have investigated
the influence of the presence of fly ash from sewage sludge on the workability of fresh
mortar. It was found that replacing cement with ash reduces the workability of the mixture.
This can be explained by the irregular structure of the ash grains and the high-water
demand of particles with a developed surface [18]. Fly ash from SSA sewage sludge is
characterized by significant porosity, which causes intensive water absorption. The factor
determining the workability of a given concrete mix is the amount of SSA [23,63,69,70].
The workability problem can be reduced by reducing the W/C, or by milling (“lubrication
effect) by making the SSA particles spherical, smoother, and less porous [16,35,71–73].
In addition, it was observed that the presence and, above all, the amount of ash from
sediments also increases the setting time [23,69,74,75]. This is due to the presence of
phosphates. The resulting calcium phosphate limits the access of water to the cement
particles, thus inhibiting hydration [74,75]. To reduce the water absorption, the ash can be
ground [73].

In hardened concrete, along with a decrease in the W/C ratio; both porosity and
water absorption decrease and the compressive strength increases, when the density of
the mixture has gained in value from 2320 to 2392 kg/m3, while the air content increases
significantly with the weight of the ash population. The maximum air pollution level is
2.9% of the mixture in which 25% of the cement content is added, with a minimum of
1.8% for the reference mixture without ash. The presented results are based on research
performed by other authors [63,76].

5.3. Compressive Strength

Figure 8 shows the results of the average compressive strength of the concrete samples
with a different content of fly ash taken from the thermal treatment of sewage sludge. The
test was performed over three periods of concrete maturation, after 28, 56 and 720 days.
The samples were stored in a concrete care bath in water at room temperature ±20 ◦C.
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Considering the pozzolanic properties and the physico-chemical composition of the used
fly ashes from the thermal treatment of sewage sludge, it was observed that the higher
concentration of SiO2, Al2O3 and Fe2O3 and lower P2O5, and CaO has a positive effect on
the increased compressive strength of the concretes produced.
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The lowest compressive strength equal to 41.51 MPa after 28 days of maturation was
achieved in the concrete samples FA5%; while the highest one, equal to 43.55 MPa, was seen
in concrete samples in which 10% of the cement was exchanged for fly ash. Compared to the
reference concrete samples, which reached the value of 42.65 MPa, the decrease in strength
was 2.7% and the increase was 2.1%. The highest compressive strength after 56 days of
maturation, equal to 45.64 MPa, was achieved in the concrete samples FA10%; while the
lowest strength, equal to 42.56 MPa, was seen in the concrete samples in which 20% of the
cement was replaced with ash taken from sewage sludge. Taking into account the longest
maturation period (720 days); the highest compressive strength equal to 51.23 MPa was
achieved in the concrete samples FA10%, and the lowest strength equal to 44.33 MPa for
the FA20% samples—similar to 56 days of maturing. Compared to the strength determined
after the first maturation period, the strength of the FA10% samples increased by 17.6%,
and the other samples only by 3.9%.

The addition of fly ash from the thermal transformation of sediments increases the
strength of the concrete even after the period of standard maturation, i.e., 28 days. It has
been proven in the research that the addition of up to 10% (inclusive) of ash has a positive
effect on the increase in strength over time. When increasing the amount of the additive,
the increases in strength over time are not as intense. The results of these studies were also
confirmed by the authors in previous publications concerning fly ash from the thermal
transformation of sludge taken from other wastewater treatment plants [35,60].

Figure 9 shows the increase in compressive strength over time. Based on the obtained
results, it was found that the greatest increase of compressive strength, at 17.5% after
720 days of maturation, was achieved by concrete FA10%; while concrete FA20% obtained
the lowest one, equal to 4.2%. According to the information presented in other works, the
optimal amount of fly ash from thermal treatment of sewage sludge in cement composites
ranges from 5% to 20%. The presence of ash in an amount exceeding 15% by weight
of the cement mass delays the setting process of the slurry and slows the growth of the
compressive strength of concretes compared to composites made using only Portland
cement. However, by extending the maturation time, the strength required for structural
concretes can be obtained [11,35].
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Figure 9. Growth of compressive strength with time.

Other authors, as well as our previous research into the possibility of using fly ash
from the thermal transformation of sewage sludge to improve compressive strength, has
confirmed its positive influence. Combustion ashes show pozzolanic activity after a longer
period, which makes them eligible for active mineral additives. The maximum exchange of
the binder—cement to ash—is 5–20% [11,21,24,31,60]. The use of SSA ashes with a high
CaO content, while maintaining the appropriate W/C ratio (0.5), means obtaining mortars
and concretes with mechanical properties similar to the reference samples [70]. Satisfactory
strength properties can be obtained by using multi-component binders (e.g., CEM II, CEM
III), which enhance the ongoing pozzolanic reaction. The mortars and concretes obtained
in this way are characterized by good mechanical properties [25,72]. Another positive
solution is the production of high-strength cement-based composites.

5.4. Water Penetration Depth under the Tank

The results obtained from the pressure water penetration tests were performed ac-
cording to three different concepts: aeration with an air-entraining admixture (group 1);
aeration admixture with synthetic microspheres (group 2); and without aeration. Figure 10
shows that none of the tested concretes exceeded 40 mm of water penetration under pres-
sure. All of recipes prepared guarantee the suitability of concretes made based on fly ash
from sewage sludge in structural elements exposed to corrosion caused by chlorides and
chemical aggression for the conditions of the exposure class: XS, XD and XA.
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5.5. Carbonation

One of the main reasons for the destruction of concrete, including reinforced concrete,
is carbonation. It is a group of physico-chemical changes in concrete under the influence
of long-term exposure to carbon dioxide. During this process, the carbon dioxide in the
air reacts with the products of cement hydration. The calcium hydroxide contained in the
concrete structure reacts with CO2 in the presence of moisture, resulting in the formation
of calcium carbonate and water. The reaction can be written:

Ca(OH)2 + CO2 → CaCO3 + H2O, (1)

In the case of steel reinforced concrete, the carbonation process leads to the inertization
of the concrete. Around the reinforcement, due to lowering the pH level, the passivation
layer on the steel is destroyed, which leads to corrosion. Increasing the volume of the
reinforcement corrosion products causes stresses in the concrete cover, and consequently
leads to cracking and the exposure of the reinforcement [77].

The speed of carbonation advancement depends primarily on the operating conditions
of a given element or concrete structure. High humidity and increased CO2 concentration
accelerate the carbonation process. A positive effect is the sealing of the microstructure
of the cement matrix. The formed calcium carbonate fills the pores in the matrix and the
released water supports the hydration of the non-hydrated cement grains. Therefore, the
subsurface concrete layer increases its hardness.

Elements of road surfaces and tunnels constitute a particularly exposed group of
structures to the carbonation process. The surface of concrete elements in these facilities is
cyclically affected not only by water or de-icing salt solutions, but also by carbon dioxide
with a concentration higher than in the natural environment (CO2 > 0.03%). Concrete tech-
nology requirements include increasing the content of the dust particles in the concrete mix,
which is achieved by introducing one of the mineral additives, including fly ash [78–80].

The measured depth of carbonation was 1–2 mm, which was undoubtedly influenced
by the maturation of the samples in water. A lower depth of carbonation was found in the
case of concrete with the addition of fly ash from sewage sludge, which can be explained by
its low permeability and, thus, limited range of carbonation. However, the microstructure
of concrete with cement, which has an addition, does not protect against carbonation, the
speed of which is higher than in the case of concrete made of Portland cement [78,80].
Importantly, the rate of carbonation changes over time; therefore, the research that has
already started needs to be continued over time, along with the development of a model
for this process of creating a specific concrete.

5.6. Concrete Testing in Elevated Temperature

The cubic samples were heated at 300 ◦C, 500 ◦C, and 700 ◦C, in a special furnace: PK
1100/5 (Termolab S.C., Warsaw, Poland), powered by electricity. The station is equipped
with a dedicated ThermoPro program that allows you to program the heating process. The
temperature distribution in the tested element was monitored with the use of NiCr-Ni
thermocouples, which meet the requirements of the standard [81].

Before starting the annealing, all samples were dried to constant weight in a laboratory
dryer. The test was performed according to the “temperature-time” standard curve. To
determine the heating time at each particular temperature, pilot tests were performed on
specially prepared samples in which special holes were made for measuring the thermo-
couples. After reaching the assumed temperature, the samples were annealed for another
30 min, which was aimed at equalizing the temperature on the outer surface of the sample
and throughout its entire volume. The temperature distribution was monitored using four
thermocouples. Holes for heating the thermocouples were made in the center of the sample
(T3), 25 mm from the edge of the base (T2), and 10 mm from the edge of the base (T1). The
control thermocouple (TR) was introduced through the back wall and located near the
stove ceiling. The drilling depth was 50 mm. The increase in temperature weakened the
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structure of the material. Surface cracks and scratches were visible on the sample surface.
The actual example of the temperature distribution is shown in Figure 11, which makes it
possible to observe the behavior of the concrete in a fire situation.
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Figure 11. Temperature distribution in the pilot sample—300 ◦C Heating Curve.

Figure 12 shows the results of the average compressive strength of the concrete samples
after annealing at different temperatures. The studies performed on the influence of high
temperatures confirmed that it is possible to use fly ash from the incineration of sewage
sludge in concrete subjected to thermal loads. The annealing itself was carried out in
accordance with the assumed schedules (Figure 12). It should be noted, however, that the
slope of the curves, and thus the time needed to achieve the set temperatures, was much
longer than the time in which these RABT and RWS temperatures are achieved. This was
due to the technical limitations of the research furnace used. The achieved characteristics
are, however, similar to the so-called standard curve, which is used to test the fire resistance
of load-bearing structural elements. No explosive damage to the concrete samples was
recorded during the tests. This is due to preparing the samples for the thermal load tests
by drying them to a constant mass. Under normal conditions in tunnels, during a fire,
explosive spalling is likely to occur due to the elevated dampness of the reinforced concrete
linings of the tunnels, which is caused by environmental conditions as well as the conditions
of use. The compressive strength tests performed showed that, regardless of the amount
of the additive in the form of fly ash from sewage sludge incineration, high temperatures
reduce the strength. In each case tested, the temperature of 700 ◦C caused a reduction in
strength. Notably, in relation to the temperature of 20 ◦C, the increase in the amount of ash
increases the strength of the samples.
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In the case of ordinary concretes with silicate or limestone aggregate, when heated
at 300 ◦C, the decrease in compressive strength is up to 10% in relation to the normal
temperature. The results of our tests showed that for BZ and P5% samples the strength
increased. It is difficult to clearly define what factors caused this phenomenon; perhaps it is
influenced by the type of aggregate used. Nevertheless, this temperature, even in relation
to ordinary concrete and the abovementioned aggregates, does not always have a negative
impact on strength, as it is also dependent on the class of concrete, humidity of the tested
samples, method of heating, and several other secondary factors, such as the method of
concrete care.

6. Conclusions

According to the regulations in force in Poland (Journal of Laws of 2016, item 108), which
implement the Directive of the European Parliament and of the Council (EU/2010/75), the
resulting fly ash from the incineration of sewage sludge, after meeting certain requirements,
can be used as an additive in the preparation of concrete mixtures. The studies conducted
so far indicate that the use of ashes from the thermal treatment of sewage sludge as an
additive to concrete, allows for comparable properties to concrete produced based on fly
ashes from coal combustion or co-combustion to be obtained. Research has shown that
fly ash can perfectly replace cement, a hydraulic mineral binder obtained from mineral
raw materials [82,83]. By analyzing the results and the observations obtained during the
conducted experimental studies, it was found that:

1. The fly ashes obtained from the thermal transformation of sewage sludge produced
in the sewage treatment plant and used for the preparation of ordinary concrete had
a positive effect on its properties: compressive strength, depth of water penetration
under pressure, and carbonation.

2. Concrete produced based on fly ash from sewage sludge combustion was character-
ized by a compressive strength comparable to that of the reference concrete without
addition after 28, 56 and 720 maturation days. The increase in strength over time
resulted in an increase in the class of concrete from C20/25 to C35/40.

3. No explosive spalling of the samples occurred during heating. This was likely due to
drying the samples to a constant weight before heating them.

4. The compressive strength tests conducted after annealing showed that the addition of
fly ash did not affect the strength. The obtained results were similar in the temperature
range 300–700 ◦C. It has been shown that with the increase in heating temperature,
the strength of the samples decrease, regardless of the amount of additive in the form
of ash.

5. Fly ash from thermal sludge treatment does not meet the requirements of PN-EN 450-
1:2012. However, there are no legal regulations regarding the physical and chemical
properties of ash from sludge incineration; nor are there specifications concerning
the possibility of their use in concrete technology. The highest percentage of the ash
samples were oxides of silicon, calcium, phosphorus, and aluminum.

The conducted experimental work confirmed the positive effect of fly ash from the
thermal conversion of sewage sludge on selected properties of concretes produced with
their participation. However, information regarding the testing of resistance of these
concretes to high temperature is limited. The materials presented in this article constitute
the basis for further research in this field. Due to the lack of regulations and standards for
the use of fly ash obtained from the thermal treatment of sewage sludge, further detailed
interpretation of the results requires supplementary studies.



Appl. Sci. 2022, 12, 1802 17 of 20

Author Contributions: Author Contributions: Conceptualization, G.R., P.O.; methodology, G.R., P.O.;
software, G.R. and P.O.; validation, G.R. and P.O.; formal analysis, G.R. and P.O.; investigation, G.R.
and P.O.; resources, G.R. and P.O.; data curation, G.R. and P.O.; writing—original draft preparation,
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7. Kępys, W.; Pomykała, R.; Pietrzyk, J. Properties of fly ash from thermal conversion of municipal sewage sludge. J. Polish. Miner.
Eng. Soc. 2013.
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