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Abstract: Analyzing the global waste management sector, we can see that some waste, due to its
specificity, is a major challenge when it comes to its management. This group includes rubber waste
and sewage sludge. Both items pose a major threat to the environment and human health. The rem-
edy for this problem may be the solidification process, in which the presented wastes are used as
substrates in the production of concrete. The aim of this work was to determine the effect of waste
addition to cement in the form of an active additive (sewage sludge) and a passive additive (rubber
granulate). An unusual approach to sewage sludge was used, which was introduced as a substitute
for water, and not, as in most works, sewage sludge ash. In the case of the second waste, commonly
used tire granules were replaced with rubber particles resulting from the fragmentation of conveyor
belts. A wide range of the share of additives in the cement mortar was analyzed. The results for the
rubber granulate were consistent with numerous publications. For the addition in the form of hy-
drated sewage sludge, the deterioration of the mechanical properties of concrete was demonstrated.
It was found that the flexural strength of the concrete in which water was replaced with hydrated
sewage sludge was lower than that of the sample without the addition of sludge. The compressive
strength of concrete with the addition of rubber granules was higher than the control sample and
did not significantly depend on the amount of granulate used.

Keywords: sewage sludge; solidification; concrete; rubber granulate; flexural strength; compressive
strength

1. Introduction

Solidification/stabilization is a more common modification technique used to immo-
bilize contaminants, including radioactive and toxic ones [1,2], chemical fixation and the
physical encapsulation of hazardous components [3,4] contained in wastes. Fly ash from
the incineration of municipal solid waste is by far the most common type of waste sub-
jected to this process [5,6]. However, other materials are also solidified, including:
grounddry contaminated plants [7], ground granulated blast furnace slag, fly ash [8], pol-
ymeric wastes [9], nanomaterials [10,11] or food and plant residues as alternative fuels
[12,13].

Cement-based stabilization/solidification has advantages over other solidification
methods such as low cost, ease of use, quick waste processing and high durability [14].
For this purpose, the so-called Portland cement is used [15,16]. Waste substance can be
used as a filler (passive additive) or as an alternative substitute for a binder component
(active additive) in concrete production technology.
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One of the wastes whose disposal on a global scale is currently a major challenge is
sewage sludge. The joint discharge of municipal and industrial sewage causes sewage
sludge to be exposed to contamination with heavy metal compounds, disease-causing
bacteria, parasite eggs, fungi and other substances that pose a threat to the environment
[17]. Sewage sludge can be subjected to cement-based stabilization/solidification; how-
ever, it should be remembered that an increase in the proportion of sewage sludge in con-
crete causes an exothermic reaction. The increasing heat that is generated during harden-
ing processes often causes negative and often irreversible damage such as cracking and
structural degradation of the concrete [18].

The second type of waste, in the case of which new ways of reuse or management are
still sought, are used tires. After their fragmentation into the form of granules, it is possible
to use tires as a passive additive to concrete. Floors constructed with cement and rubber
granulate ingredients provide effective slip aid, assisting performance and using a design
action different from conventional bitumen products [19,20]. At the same time, as indi-
cated by Sofi [21], the addition of rubber as a substitute for the mineral fraction in concrete
mix contributes to a decrease in the compressive strength and elasticity of the sample with
an increase in the percentage of rubber. The cement grout containing rubber is much softer
than without rubber. This phenomenon causes the rapid development of cracks around
the rubber particles, thus reducing the strength of the finished concrete.

Analyzing scientific reports on the implementation of various types of admixtures in
the production of concrete, it can be concluded that this form of waste management can
solve many problems. The percentages of both mineral and biological additives can have
a positive impact on the mechanical and chemical parameters of the final product. Jin P et
al. tested the use of bio-admixtures instead of traditional chemical admixtures in the pro-
cess of green concrete preparation. The results revealed that carrot extract (CS) effectively
inhibited the early hydration of cement and prolonged its setting time. The setting time of
the pastes containing CS was 1.1-2.7 times that recorded for the control group [22]. Ana-
lyzing the eco-admix residues obtained from waste incineration, we can conclude that
their 15% replacement for cement allows it to obtain results similar to ordinary Portland
cement [23,24]. Looking at the subject from a different angle, as another raw material in
the production of concrete, waste paint can be used due to its similar composition to pol-
ymeric admixtures commonly used in the industry. It was found that a 12% addition of
paint to the mixing water allows obtaining concrete with parameters similar to standard
concrete [25]. It was also found that the use of this type of admixture allows not only the
improvement of the basic properties of the construction composition, but also a reduction
in water absorption [26]. For concrete enrichment, we can also go further. Epoxy plastic,
a form of epoxy resin waste, can be mixed with concrete to enhance the thermal and com-
pressive resistance and tensile strength [27]. The 5% addition of hydrogen peroxide and
phosphogypsum led to positive changes in the final properties of the product. Porous
concrete based on alkali-activated slag had compressive strength in the range of 2.12 to
7.95 MPa, and a density from 830 kg/m? to 1142 kg/m?[28,29]. Amin M. et al. tested the
use of recycled waste glass in ultra-high-performance concrete. Replacing Portland ce-
ment with powdered glass resulted in a reduction in the compressive force of all samples
after one day. However, in the long term (7, 28 and 91 days) it was noted that the com-
pressive strength increases up to 20% replacement ratio [30]. Waste glass can be used as
cementitious material (with sizes finer than 100 um) or virgin aggregate in concrete, ac-
cording to its size. Furthermore, the effect of the addition of glass on the overall density
and modulus of elasticity is negligible [31,32]. However, the use of steel fiber-reinforced
rubberized concrete allows for a significant improvement in the parameters of the beams
created in this way. The experimental results show that reinforced beams made of similar
strength Crumbed Rubber Concrete have similar ultimate flexural capacities regardless of
rubber content [33]. However, other researchers drew the opposite conclusions, noting
that in the case of reinforced beams, the admixture of both rubber granules and powdered
glass contributes to a decrease in compressive strength. However, both noticed the need
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for further verification of the obtained results, noting problems with the agglomeration of
admixtures in the volume of concrete [34,35]. The aim of this work was to determine the
effect of two waste cement additives on cement’s physical and mechanical properties.

The novelty of these studies is based on a different approach to the use of admixtures
in concrete products. In the literature, there are positions analyzing the potential for the
use of ashes generated in the processes of thermal transformation of sewage sludge or
granulate from the grinding of used tires. Analyzing the topic of waste management, we
found that there is a possibility to shorten the entire process of sewage sludge manage-
ment. In this work, it was checked how the use of hydrated sludge as a substitute for
mixing water will affect the final parameters of concrete. By using such technology, it
would be possible to avoid the need for thermal processing of sludge and to use it in its
raw form in the production of technical concrete. In this step, we noticed a novelty in the
conducted research, because this type of approach is not commonly described in the liter-
ature and the examples appearing in articles do not provide clear information on the ef-
fectiveness of such admixtures. The second part of this work also assumes a slightly dif-
ferent approach to the subject. In opposition to other researchers, waste rubber from used
tires was not used in the prepared concrete samples, but rubber granulate from the grind-
ing of belt conveyors with a grain diameter of 0.5 to 2.5 mm was used. The rubber from
which the conveyors are made has different parameters than that used in tires, and the
amounts in which this waste is generated makes it necessary to conduct further work on
the potential of its use. As part of the work carried out, it was checked how admixtures of
sewage sludge in the amount of up to 100% and granulate up to 50% affect changes in the
parameters of technical concrete.

2. Materials and Methods
2.1. Sewage Sludge

The hydrated sewage sludge (BioMed Ltd., Piekoszow, Poland) came from a munic-
ipal sewage treatment plant located in southern Poland. The sewage sludge (Figure 1)
used was a mixture of primary and secondary biological sludge, with a moisture content
of 84 + 0.2%. Table 1 shows the basic properties of the sewage sludge.

Table 1. Properties of the sewage sludge.

Property Value Unit
Grain size <0.05 mm
Granules below 0.5 mm 100.0 %
Mineral impurities max. 1.0 %
Bulk density 993.0 g-dm-3
Shape amorphous -

s

-

Figure 1. Sewage sludge used for research.

2.2. Rubber Granulate
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Rubber granulate (Figure 2) from the grinding process of belt conveyors, which is a
waste based on various rubbers (mainly Styrene-Butadiene Rubber, (Unirubber Ltd.,
Wegliniec, Poland)), was used to prepare the samples. Table 2 shows the basic properties
of the granulate.

Table 2. Properties of the rubber granulate.

Property Value Unit
Grain size 0.5-2.5 mm
Granules below 0.5 mm max. 1.0 %
Granules above 2.5 mm max. 5.0 %
Textile impurities max. 1.0 %
Bulk density <550 g-dm-
Shape cubical particles -

Figure 2. Rubber granulate used for research.

2.3. Cement

The experiments used a dry concrete mortar class C16/20, according to the classifica-
tion of the EN 206:2014-4 standard [36]. This means that the cement has a dry density of
2000 kg'm?3 to 2600 kg'm?, and the compressive strength of the prepared cement for cylin-
drical samples should be at least 16 MPa, and for cubic samples at least 20 MPa.

2.4. Sample Preparation

The first series of samples consisted of a mixture of dry cement, water and sewage
sludge. Subsequent samples contained 0%, 25%, 50%, 75% and 100% of hydrated sewage
sludge used as a water substitute.

The second series of samples containing rubber granulate admixtures was based on
the proportions of the reference mixture, taking into account additives representing the
percentage replacement of aggregate in the mixture. Mixtures with a rubber pulp content
of 0%, 5%, 10%, 20% and 50% were prepared. In order to optimize the mixing process and
mortar preparation, all samples from the first and second series were prepared in a
properly scaled form with particular emphasis on the proportions of individual sub-
strates.

The mortar was mixed with an electric mixer. The ready concrete mix was immedi-
ately transferred to two types of molds. The first one was a rectangular form with dimen-
sions of 40 mm x 40 mm x 160 mm. The second were cylinders with a diameter of 40 mm
and a height of 160 mm. The molds were attached to a shaker. After the application of the
first layer, compaction took place (60 shakes), and the next layer was applied in excess
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and also compacted with 60 shakes. Excess mortar was removed with a simple scraping
ruler. After forming, the samples were placed in a climatic chamber with constant condi-
tions allowing free flow of air to each of the samples. After 24 h from the start of the mold-
ing process, the samples were removed from the mold.

2.5. Tests

The prepared concrete was subjected to three tests. The first of them referred to the
already withdrawn standard and allowed to determine the mass water absorption of con-
crete. For this purpose, the finished blocks were placed in a vessel with water at a temper-
ature of 20.0 + 1 °C in such a way as to allow water to be supplied directly to each sample.
Samples were immersed gradually, every few hours, in such a way that complete immer-
sion in water took place only after 24 h. The samples were then kept in water for another
48 h. After this time, weight gain measurements were performed. Mass water absorption
is the ratio of the mass of water absorbed through the material to the weight of the dry
material.

Strength tests were performed in accordance with the guidelines of EN 196-1:2016
[37]. Flexural strength was carried out on a SAUTER testing machine, (CR 30000-1Q1, Sau-
ter, KERN&SOHN GmbH, Balingen, Germany (Figure 3). It should be noted that only
cylindrical samples were selected for strength tests. The samples were placed on the sup-
ports with the lateral surface in the center of the measuring device disc and uniformly
loaded with a force of 2400 + 200 N-s - until the sample was destroyed. The compressive
strength test was carried out using the same device and, in accordance with the guidelines
of the standard, half of the samples obtained during the bending strength test were used.
The samples were broken without damaging the structure. The tested object was placed
between the compression plates in the longitudinal direction. The load increment was set,
as before, to a force of 2400 + 200 N-s 1.

Figure 3. Sauter testing machine.

In order to confirm or reject the hypothesis about the normal distribution of the ex-
amined parameter, the results of the research were subjected to the Kolmogorov-Smirnov
test. Afterwards, selected basic descriptive statistics were calculated [38—40] as significant
due to the described phenomena.
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3. Results
3.1. Concrete with the Addition of Sewage Sludge

For a given series of tests, hydrated sewage sludge was used as a water substitute.
This means that the total amount of liquid needed to prepare the concrete was constant,
but the sludge to water ratio varied. Five variants were prepared according to the follow-
ing notation: VO (control, 100% water); V1 (75% water, 25% sewage sludge); V2 (50% wa-
ter, 50% sewage sludge); V3 (25% water, 75% sewage sludge); V4 (100% sewage sludge) —
Figures 4 and 5.

Figure 4. Examples of concrete samples with sewage sludge addition.

)
§
1
!
1
?
J
§

Figure 5. Examples of V2 concrete samples after flexural test.

The results obtained for the measurements of mass water absorption, broken down
into the variants described above, are presented in Figure 6, Table 3.
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Table 3. Mass water absorption of concrete with the addition of sewage sludge.
Sample Subsample Water Absorption [%]
1 3.1
2 3.2
VO
3 3.2
4 3.1
1 3.2
2 3.1
Vi1
3 3.0
4 3.1
1 3.0
2 3.1
V2
3 3.0
4 29
1 2.6
2 24
V3
3 25
4 27
1 3.0
2 3.1
V4
3 3.1
4 3.1
3.3
3.2 i
- £
§
ba 29
g
< 23
3
£ a7
= 26
25
24
23 o Average
bl L e ki s []Average * standard error
Variant T Min-Maks

Figure 6. Mass water absorption of concrete with the addition of sewage sludge: VO (control, 100%
water); V1 (75% water, 25% sewage sludge); V2 (50% water, 50% sewage sludge); V3 (25% water,
75% sewage sludge); V4 (100% sewage sludge).

For all variants, except for the one in which the ratio of hydrated sewage sludge to
water was 75%:25% (variant V3), the obtained results were not statistically significant.
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However, it should be noted that concrete soaking is a negative phenomenon, and thus
the obtained results should be as low as possible. Mass water absorption in the tested

variants did not exceed 4%.

Figure 7 (Table 4) shows the flexural strength of individual samples expressed in
MPa. This parameter, in contrast to compression, is not usually defined in relation to con-
crete. However, it seems essential from the point of view of some technical applications,
for example: concrete floors [26].

Table 4. Flexural strength of concrete with the addition of sewage sludge.

Sample

Subsample

Flexural Strength [MPa]

Vo

1

43
44
43
4.3

V1

3.5
3.5
3.4
3.5

V2

4.1
4.1
41
4.0

V3

34
3.3
34
3.4

V4

B WO N R WODNRRIREODNRRE ORI

3.2
3.2
3.2
3.2

46

44

42

40

38

36

Flexural strength [MPa]

34

32

3.0

Figure 7. Flexural strength of concrete with the addition of sewage sludge: VO (control, 100% wa-
ter); V1 (75% water, 25% sewage sludge); V2 (50% water, 50% sewage sludge); V3 (25% water, 75%

=

==

VO

Vi

V2

Variant

V3

sewage sludge); V4 (100% sewage sludge).

V4

o Average
D Average + standard error
T Min-Maks
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The obtained results were statistically significant and average values ranged from
4.27 to 3.20 MPa. It should be noted that in all variants, the differences for subsequent
repetitions were small, as shown by the lines showing the minimum and maximum values
for each result. The additions of hydrated sewage sludge had a negative effect on the flex-
ural strength of the prepared concrete. Increasing the share of sludge as a water substitute
resulted in a decrease in the obtained values, although for one variant, in which water and
sludge accounted for 50% each, the obtained result was close to the value obtained in the
case of the control sample (variant V1).

One of the most important properties of concrete, which is also the basis for deter-
mining its class, is compressive strength (Figure 8, Table 5). According to the description
presented in the methodology, using, as in this experiment, cylindrical samples, the ob-
tained results should be characterized by a value of at least 16 MPa.

Table 5. Comprehensive strength of concrete with the addition of sewage sludge.

Sample

Subsample

Comprehensive Strength [MPa]

Vo0

1

12.3
12.4
12.3
12.5

V1

10.7
10.6
10.7
10.7

V2

13.1
13.2
13.1
13.1

V3

11.9
11.9
11.7
11.8

V4

B O N R WORN R ONDR R ODNRRWON

11.1
11.2
11.1
11.1
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13.4

132}
130 |
128}
126 |
124 ¢ i'
122}

120}
18} @
16}
141}

112+ il

1.0+

Cmnpressive strength [MPa]

108 ¢

106 ¢ I:—_E?I

10.4 . ; . 5 g o Average
Vo v v2 L& v4 D Average * standard error
Variant T Min-Maks

Figure 8. Compressive strength of concrete with the addition of sewage sludge: VO (control, 100%
water); V1 (75% water, 25% sewage sludge); V2 (50% water, 50% sewage sludge); V3 (25% water,
75% sewage sludge); V4 (100% sewage sludge).

The obtained results were reproducible and statistically significant. Despite this, even
for the control sample, the declared strength of 16 MPa or more was not obtained. When
analyzing only those variants in which sewage sludge was added (V1-V4), similarly to
the flexural strength test, the use of a sewage sludge to water ratio of 1:1 brought the most
satisfactory results. This means that for variant V2, the compressive strength was the high-
est and even exceeded the value obtained for the control test (V1). The use of other pro-
portions resulted in a decrease in the tested parameter in relation to the sample without
the addition of sewage sludge.

3.2. Concrete with the Addition of Rubber Granulates

In a given series of tests, cement mortar was mixed with water, but an additive in the
form of rubber granulates was used. As in the case of the first series of tests, five variants
were prepared in which the mass share of rubber in the entire concrete mix was changed.
In order to simplify identification and clearly distinguish variants within both groups, the
designations W0-W4 have been used for a given series. The subsequent variants were as
follows (Figures 9 and 10): WO (control, 0% rubber additive); W1 (5% rubber additive); W2
(10% rubber additive); W3 (20% rubber additive); W4 (50% rubber additive).
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Figure 9. Examples of concrete samples with rubber addition.

Figure 10. Examples of W3 concrete samples after flexural test.

The first of the analyzed parameters was mass water absorption (Figure 11, Table 6).

Table 6. Mass water absorption of concrete with the addition of rubber granulates.

Sample Subsample Water Absorption [%]
1 1.1

1.0

1.1

1.1

12.0

119

12.0

12.2

WO

Wi

W N =R W N
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1 13.1
2 13.1
2
w 3 12.9
4 13.0
1 11.0
2 11.1
W3 3 11.1
4 11.0
1 8.7
2 8.5
Wi 3 8.6
4 8.7
14.0
=
120} LEL
— 100 i
i
& 80t
2
L
S
£ 60}
s
= 40l
20+
00 o Average
WO W1 W2 W3 W4 [[]Average + standard error
Variant | Min-Maks

Figure 11. Mass water absorption of concrete with the addition of rubber granulates: W0 (control,
0% rubber additive); W1 (5% rubber additive); W2 (10% rubber additive); W3 (20% rubber addi-
tive); W4 (50% rubber additive).

The absorbency of samples containing rubber granulate increased several times com-
pared to the control sample, i.e., a mixture of cement and water without any additives.
The highest average mass absorption of 12.75% was recorded for the sample containing
10% rubber granulate addition. An increase in the share of admixtures above this value
resulted in a decrease in the absorptivity of concrete. The hypothesis put forward before
the research assumed that the use of rubber granules would contribute to increasing the
porosity of the samples and, as a result of capillary phenomena between the rubber parti-
cles, the amount of water that would be absorbed by the samples would increase. Mean-
while, the obtained values (statistically significant differences between the variants) do
not show the assumed trend.

Flexural strengths of cylindrical concrete samples with different amounts of rubber
addition are shown in Figure 12 and Table 7.
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Table 7. Flexural strength of concrete with the addition of rubber granulates.

Sample Subsample Flexural Strength [MPa]
4.2
44
42
42
6.5
6.2
6.3
6.3
6.5
6.7
6.9
6.5
6.5
6.8
6.6
6.6
6.8
6.5
6.6
6.6

WO

Wi

W2

W3

W4

=}
o
}_BA 1 B WO N R ORI ONRIREODNDRIR N R

Flexural strength [MPa]

==

40 o Average
W0 Wi W2 W3 W4 [[]Average + standard error
Variant T Min-Maks

Figure 12. Flexural strength of concrete with the addition of rubber granulates: WO (control, 0%
rubber additive); W1 (5% rubber additive); W2 (10% rubber additive); W3 (20% rubber additive);
W4 (50% rubber additive).

Although the values obtained for the variants from W1 to W4 were about 50% higher
than the control sample, the differences between the samples with various additions of
rubber granulate were not statistically significant, and the average values in all four
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variants oscillated in the range of 6.6-6.7%. This means that these differences were within
the measurement error range for this method.

Figure 13 (Table 8) presents the compressive strength of concrete samples containing
the addition of rubber granulate and for the sample without additives.

Table 8. Compressive strength of concrete with the addition of rubber granulates.

Sample Subsample Compressive Strength [MPa]
1 12.1
2 12.6
wo 3 12.5
4 12.6
1 21.0
2 21.0
wi 3 20.8
4 21.2
1 21.6
2 21.5
w2 3 21.6
4 21.5
1 21.0
2 21.2
w3 3 21.2
4 21.2
1 21.0
2 21.3
wi 3 21.1
4 21.0
24
22
=i
== e
™ 20
o
=3
TE:‘:' 18
&
ﬁ 16
U
=
rf: 14
12 ;
10 o Average
WO Wi w2 W3 W4 [[] Average + standard error
Variant T Min-Maks

Figure 13. Compressive strength of concrete with the addition of rubber granulates: WO (control,
0% rubber additive); W1 (5% rubber additive); W2 (10% rubber additive); W3 (20% rubber addi-
tive); W4 (50% rubber additive).
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The results of the compressive strength test were characterized by high repeatability
within each of the variants (there were few outliers). The control sample showed a value
convergent with the control sample used in the first series of the experiment. The average
values for the variants in which the rubber addition was used were very similar (between
21.0 and 21.6 MPa) and the values were larger by about 10 MPa compared to the sample
without additives.

4. Discussion

Sewage sludge is an inevitable by-product of wastewater treatment. Depending on
the concentration of pollutants in the sludge, various methods of their disposal can be
used [41]. Numerous studies have indicated the potential possibility of using sewage
sludge ash (SSA) as a substitute for cement or an additive to it [42-45]. However, it should
be noted that even if some authors use the term sewage sludge in the titles of their works
or abstracts, after a thorough analysis of the text, it turns out that they mean sewage sludge
ash.

Cyr et al. [46] tested the compressive and flexural strength of mortars with 25% and
50% of cement replaced by SSA and found that sewage sludge ash causes reduction in
strength compared to control mortars, but such reduction decreases over time. Lin et al.
[47] found that smaller sewage sludge ash particles possess greater pozzolanic activity,
resulting in a higher compressive strength of mortars. Chen et al. [48] reported satisfactory
compressive strength of concrete prepared by using SSA to substitute 10% of cement and
2% of sand simultaneously. Ing et al. [49] also reported similar or greater strength values
in mortars containing up to 10% sewage sludge ash in the binder. In turn, Rusanescu et
al. [50] state the possibility of using cement with the addition of ash from sewage sludge
as an additive in the cement industry. According to these authors, the compressive
strength after 28 days is greater than or equal to 42.5 MPa.

Relatively few publications concern the effect of SSA addition on cement hydration.
Dhir et al. [51] also stated in their book that most studies on the porosity of SSA-containing
mortar or concrete involved various types of water absorption tests, but not an in-depth
analysis of the microstructure. Moreover, as reported by Lynn et al. [52], although drying
shrinkage is a parameter that controls the durability of ordinary concrete, there have been
very few studies evaluating the effect of SSA on the bulk stability of mortars due to drying
shrinkage and related mechanisms. In addition, inconsistent results were obtained regard-
ing the workability of fresh SSA-containing mortars.

The issue is different with the second-tested waste. The use of rubber granulate as an
additive to cement is a commonly used technique [53-56]. It should be noted, however,
that despite numerous studies on this subject, there are still issues for which no clear result
has been achieved. An example is the penetration of concrete with the addition of rubber
granulate by chloride ions, where some researchers found an increase in this permeability
after adding rubber cement [57,58], and others showed a decrease in the subject penetra-
tion [59,60].

In the case of rubber addition, not only its type and the ratio of rubber to other con-
crete components, but also the particle size seems to be important. According to Karuna-
rathna et al. [61], the larger the rubber particle size, the worse the mechanical properties
of the cement mortar. Publications on the use (as in this work) of particles not exceeding
2.5 mm constitute a large percentage of published works [62-65]. However, as pointed out
by Su et al. [63], the addition of small rubber particles increases water absorption, which
was also proven in this work.

A number of experimental studies have shown that the addition of rubber granulate
to concrete mixes in most cases reduces their compressive strength and flexural strength.
Ismail and Hassan [66] indicated a decrease in compressive strength reaching nearly 60%
in relation to pure concrete with the addition of 30% home-made granulate. Fernandez-
Ruiz et al. [67] showed that a 5% addition of rubber can cause a decrease in compressive
strength of over 38%. Similar results were obtained by Mishra and Panda [68]; however,
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da Silva et al. [69] proved a more than 2% increase in the tested parameter with a 10%
addition of rubber granulate. The last of the cited works is also one of the few in which
the share of the additive in the form of rubber exceeding 30% of the composition of the
mixture was analyzed.

In the case of flexural strength, there are studies showing both an increase in the
strength of the cement with the addition of rubber relative to the base mix [70], and a
decrease in the analyzed parameter [71].

5. Conclusions

Replacing water in concrete with hydrated sewage sludge leads to a decrease in mass
water absorption. The most significant difference was achieved with a sludge to water
ratio of 3:1. The flexural strength of the concrete in which water was replaced with hy-
drated sewage sludge was lower than that of the sample without the addition of sludge,
with the smallest decrease in the analyzed variants being recorded for the variant in which
sewage sludge and water accounted for 50% each. The compressive strength of concrete
with the addition of hydrated sewage sludge reached lower parameters than the control
sample, with one exception (regarding the bending strength), i.e., the sample with an
equal ratio of water to sewage sludge. Similar to the bending strength, the compressive
strength of concrete with the addition of rubber granules was higher than the control sam-
ple and did not significantly depend on the amount of granulate used.

The mass water absorption was significantly greater in the case of replacing the ce-
ment with rubber granulate than in the control mix. The highest of the recorded results
concerned the 10% addition of rubber. In the cement with the addition of rubber granulate
instead of traditional rubber particles, the flexural strength clearly increased, but no sta-
tistically significant differences were observed between the successive variants in which
the share of rubber was gradually increased.

It should be noted that even the control samples did not reach the parameters set for
concrete mortar class C16/20.

The presented research results do not give a clear answer on the impact of additives
such as raw sewage sludge and rubber granulate from the processing of belt conveyors
on the physical and mechanical parameters of concrete. On the basis of the research car-
ried out, the need to carry out further work on the influence of the presented substrates is
still noticeable. As recommendations for further work, it is envisaged to check whether
sewage sludge from specific industrial sectors can have a more significant impact on the
improvement of the analyzed parameters. In addition, the verification of the proportion
of substrates in the mixtures, as well as the technology of mixing and compaction itself, is
a wide field for further analysis.

Author Contributions: Conceptualization, M.G.; methodology, G.N. and P.S.; software, P.S.; vali-
dation, A.B., E.P. and M.G,; formal analysis, G.N.; investigation, W.L.; resources, A.B.; data curation,
W.L.; writing—original draft preparation, A.B.; writing—review and editing, E.P.; visualization,
E.P.; supervision, M.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Materials 2023, 16, 1810 17 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Saleh, H.M.; Moussa, H.R.; El-Saied, F.A.; Dawoud, M.; Bayoumi, T.A.; Wahed, R.S.A. Mechanical and physicochemical evalu-
ation of solidified dried submerged plants subjected to extreme climatic conditions to achieve an optimum waste containment.
Prog. Nucl. Energy 2020, 122, 103285.

Rahman, R.O.A; Zaki, A.A. Comparative analysis of nuclear waste solidification performance models: Spent ion exchanger-
cement based wasteforms. Process Saf. Environ. Prot. 2020, 136, 115-125.

Reddy, V.A,; Solanki, C.H.; Kumar, S.; Reddy, K.R.; Du, Y.-]. New ternary blend limestone calcined clay cement for solidifica-
tion/stabilization of zinc contaminated soil. Chemosphere 2019, 235, 308-315.

Wang, L.; Geddes, D.A.; Walkley, B.; Provis, ].L.; Mechtcherine, V.; Tsang, D.C.W. The role of zinc in metakaolin-based geopol-
ymers. Cem. Concr. Res. 2020, 136, 106194.

Tang, P.; Chen, W.; Xuan, D.; Cheng, H.; Poon, C.S.; Tsang, D.C.W. Immobilization of hazardous municipal solid waste incin-
eration fly ash by novel alternative binders derived from cementitious waste. |. Hazard. Mater. 2020, 393, 122386.

Ren, P.; Mo, K.H.; Ling, T.-C. Stabilization/solidification of municipal solid waste incineration fly ash. In Low Carbon Stabilization
and Solidification of Hazardous Wastes, 1st ed.; Tsang, D.C.W., Wang, L., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp.
141-156.

Bayoumi, T.A.; Saleh, H. Characterization of biological waste stabilized by cement during immersion in aqueous media to de-
velop disposal strategies for phytomediated radioactive waste. Prog. Nucl. Energy 2018, 107, 83-89.

Gholampour, A.; Ozbakkaloglu, T.; Etemadi, E.; Vincent, T. Sustainable mortars containing fly ash, glass powder and blast-
furnace and lead-smelter slag. Mag. Concr. Res. 2020, 72, 447-459.

Eskander, S.B.; Tawfik, M.E. Impacts of gamma irradiation on the properties of hardwood composite based on rice straw and
recycled polystyrene foam wastes. Polym. Compos. 2019, 40, 2284-2291.

Saleh, H.S.; El-Sheikh, S.M.; Elshereafy, E.E.; Essa, A.K. Mechanical and physical characterization of cement reinforced by iron
slag and titanate nanofibers to produce advanced containment for radioactive waste. Constr. Build. Mater. 2019, 200, 135-145.
Saleh, H.S.; El-Sheikh, S.M.; Elshereafy, E.E.; Essa, A.K. Performance of cement-slag-titanate nanofibers composite immobilized
radioactive waste solution through frost and flooding events. Constr. Build. Mater. 2019, 223, 221-232.

Sobol, Z.; Jakubowski, T.; Surma, M. Effect of potato tuber exposure to UV-C radiation and semi-product soaking in water on
acrylamide content in french fries dry matter. Sustainability 2020, 12, 3426.

Papanikola, K.; Papadopoulou, K.; Tsiliyannis, C.; Fotinopouloy, I.; Katsiampoulas, A.; Chalarakis, E.; Georgiopoulou, M.; Ron-
togianni, V.; Michalopoulos, I.; Mathioudakis, D.; et al. Food residue biomass product as an alternative fuel for the cement
industry. Environ. Sci. Pollut. Res. 2019, 26, 35555-35564.

Wang, L.; Chen, L.; Cho, D.-W.; Tsang, D.C.W.; Yang, J.; Hou, D.; Baek, K.; Kua, HW.; Poon, C.-S. Novel synergy of Si-rich
minerals and reactive MgO for stabilisation/solidification of contaminated sediment. ]. Hazard. Mater. 2019, 365, 695-706.
Coppola, L.; Bellezze, T.; Belli, A.; Bignozzi, M.C.; Bolzoni, F.; Brenna, A.; Cabrini, M.; Candamano, S.; Cappai, M.; Caputo, D.;
et al. Binders alternative to Portland cement and waste management for sustainable construction—Part 2. ]. Appl. Biomater.
Funct. Mater. 2018, 16, 207-221.

Qin, L.; Gao, X. Recycling of waste autoclaved aerated concrete powder in Portland cement by accelerated carbonation. Waste
Manag. 2019, 89, 254-264.

Dume, B.; Hanc, A.; Svehla, P.; Michal, P.; Chane, A.D. Vermicomposting Technology as a Process Able to Reduce the Content
of Potentially Toxic Elements in Sewage Sludge. Agronomy 2022, 12, 2049.

De Almeida Lima, D.; Zulanas, C. Use of Contaminated Sludge in Concrete. Procedia Eng. 2016, 145, 1201-1208.

Kaloush, K; Biligiri, K.; Rodezno, M.; Belshe, M.; Way, G.; Carlson, D.; Sousa, J. Asphalt rubber asphalt concrete friction course
overlay as a pavement preservation strategy. In Efficient Transportation and Pavement Systems: Characterization, Mechanisms, Sim-
ulation, and Modeling, 1st ed.; Al-Qadi, I.L., Sayed, T., Alnuaimi, N., Masad, E., Eds.; CRC Press: London, UK, 2008; pp. 568-580.
Picado-Santos, L.G.; Capitao, S.D.; Dias, ].L.F. Crumb rubber asphalt mixtures by dry process: Assessment after eight years of
use on a low/medium trafficked pavement. Constr. Build. Mater. 2019, 215, 9-21.

Sofi, A. Effect of waste tyre rubber on mechanical and durability properties of concrete— A review. Ain Shams Eng. ]. 2018, 9,
2691-2700.

Jin, P.; Kun, F.; Pengju, W.; Haiming, C.; Wengqian, Y. Retardation and compressive strength enhancement effect of upcycling
waste carrot as bio-admixture for cement mortars. J. Build. Eng. 2022, 62, 23-25.

Zhang, S.; Ghouleh, Z.; Shao, Y. Use of eco-admixture made from municipal solid waste incineration residues in concrete. Cem.
Concr. Compos. 2020, 113, 58-59.

Anandaraj, S.; Karthik, S.; Vijaymohan, S.; Rampradheep, S.; Indhiradevi, P.; Anusha, G. Effects of using white flour, zinc oxide
and zinc ash as an admixture in mortar and concrete. Mater. Today Proc. 2022, 52, 1788-1793.

Almesfer, N.; Haigh, C.; Ingham, J. Waste paint as an admixture in concrete. Cem. Concr. Compos. 2022, 34, 627-633.

Akchurin, T.K,; Tukhareli, A.V.; Cherednichenko, T.F. Effective Concrete Modified by Complex Additive Based on Waste Prod-
ucts of Construction Acrylic Paints. Procedia Eng. 2016, 150, 1468-1473.

Qi, B.; Gao, S.; Xu, P. The Application of Recycled Epoxy Plastic Sheets Waste to Replace Concrete in Urban Construction and
Building. Processes 2023, 11, 201.

Tamogaitis, G.; Vaic¢iukyniené, D.; Jaskaudas, T.; Mockiene, J.; Pupeikis, D. Development of Alkali-Activated Porous Concrete
Composition from Slag Waste. Materials 2023, 16, 1360.



Materials 2023, 16, 1810 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

Wan, X,; Li, H.; Che, X.; Xu, P.; Li, C;; Yu, Q. A Study on the Application of Recycled Concrete Powder in an Alkali-Activated
Cementitious System. Processes 2023, 11, 203.

Amin, M.; Agwa, 1.S.; Mashaan, N.; Mahmood, S.; Abd-Elrahman, M.H. Investigation of the Physical Mechanical Properties
and Durability of Sustainable Ultra-High Performance Concrete with Recycled Waste Glass. Sustainability 2023, 15, 3085.
Nodehi, M.; Mohamad Taghvaee, V. Sustainable concrete for circular economy: A review on use of waste glass. Glass Struct.
Eng. 2021, 7, 3-22.

Atoyebi, O.D.; Sadiq, O.M. Experimental data on flexural strength of reinforced concrete elements with waste glass particles as
partial replacement for fine aggregate. Data Brief 2018, 18, 846-859.

Mendis, A.S.M.; Al-Deen, S.; Ashraf, M. Effect of rubber particles on the flexural behaviour of reinforced crumbed rubber con-
crete beams. Constr. Build. Mater. 2017, 154, 644—657.

Hosseini, S.A.; Nematzadeh, M.; Chastre, C. Prediction of shear behavior of steel fiber-reinforced rubberized concrete beams
reinforced with glass fiber-reinforced polymer (GFRP) bars. Compos. Struct. 2021, 256, 113010.

Wu, T; Sun, Y.; Liu, X.; Wei, H. Flexural Behavior of Steel Fiber—Reinforced Lightweight Aggregate Concrete Beams Reinforced
with Glass Fiber—Reinforced Polymer Bars. . Compos. Constr. 2019, 23, 04018081.

European Standard EN 206:2014-04; Concrete—Requirements, Properties, Fabrication and Compliance. Concrete Contractors:
Livonia, MI, USA, 2014.

European Standard EN 196-1:2016-07; Cement Test Methods—Part 1: Determination of Strength. Concrete Contractors: Livonia,
MI, USA, 2016.

Standard 1SO 3534-1:2006; Statistics—Vocabulary and Symbols—Part: General Statistical Terms and Terms Used in Probability.
ISO: Geneva, Switzerland, 2006.

Gielzecki, J.; Jakubowski, T. The simulation of temperature distribution in a ground heat exchanger-GHE using the Autodesk
CFD simulation program. In Renewable Energy Sources: Engineering, Technology, Innovation, 1st ed.; Book Series Springer Proceed-
ings in Energy; Mudryk, K., Werle, S., Eds.; Springer: New York, NY, USA, 2018; p. 1652.

European Standard EN 13877-1:2013-08; Concrete pavements—Part 1: Materials. Concrete Contractors: Livonia, MI, USA, 2013.
Mejdi, M.; Saillio, M.; Chaussadent, T.; Divet, L.; Tagnit-Hamou, A. Hydration mechanisms of sewage sludge ashes used as
cement replacement. Cem. Concr. Res. 2020, 135, 106115.

Chen, Z.; Poon, C.S. Comparative studies on the effects of sewage sludge ash and fly ash on cement hydration and properties
of cement mortars. Constr. Build. Mater. 2017, 154, 791-803.

Azevedo Basto, P.; Savastano Junior, H.; De Melo Neto, A.A. Characterization and pozzolanic properties of sewage sludge ashes
(SSA) by electrical conductivity. Cem. Concr. Compos. 2019, 104, 103410.

Zhou, Y.; Li, J.; Lu, J.; Cheeseman, C.; Poon, C.S. Sewage sludge ash: A comparative evaluation with fly ash for potential use as
lime-pozzolan binders. Constr. Build. Mater. 2020, 242, 118160.

Zhou, Y.; Li, J; Lu, J.; Cheeseman, C.; Poon, C.S. Recycling incinerated sewage sludge ash (ISSA) as a cementitious binder by
lime activation. J. Clean. Prod. 2020, 244, 118856.

Cyr, M.; Coutand, M.; Clastres, P. Technological and environmental behavior of sewage sludge ash (SSA) in cement-based
materials. Cem. Concr. Res. 2007, 3, 1278-1289.

Lin, K.L.; Chang, W.C.; Lin, D.F.; Luo, H.L.; Tsai, M.C. Effects of nano-5iO2 and different ash particle sizes on sludge ash-cement
mortar. J. Environ. Manag. 2008, 88, 708-714.

Chen, M,; Blanc, D.; Gautier, M.; Mehu, ].; Gourdon, R. Environmental and technical assessments of the potential utilization of
sewage sludge ashes (SSAs) as secondary raw materials in construction. Waste Manag. 2013, 33, 1268-1275.

Ing, D.S.; Chin, S.C.; Guan, T.K,; Suil, A. The use of sewage sludge ash (SSA) as partial replacement of cement in concrete. ARPN
J. Eng. Appl. Sci. 2016, 11, 3771-3775.

Rusanescu, C.O.; Voicu, G.; Paraschiv, G.; Begea, M.; Purdea, L.; Petre, I.C.; Stoian, E.V. Recovery of Sewage Sludge in the
Cement Industry. Energies 2022, 15, 2664.

Dhir, RK.; Ghataora, G.S.; Lynn, C.J. Sustainable Construction Materials: Sewage Sludge Ash, 1st ed.; Woodhead Publishing: Bir-
mingham, UK, 2017; pp. 132, 163-169.

Lynn, C.J.; Dhir, RK.; Ghataora, G.S.; West, R.P. Sewage sludge ash characteristics and potential for use in concrete. Constr.
Build. Mater. 2015, 98, 767-779.

Mhaya, A.M.; Shahidan, S.; Zuki, S.5.M.; Huseien, G.F.; Azmi, M.A.M.; Ismail, M.; Mirza, ]J. Durability and Acoustic Perfor-
mance of Rubberized Concrete Containing POFA as Cement Replacement. Sustainability 2022, 14, 15510.

Li, Y.; Chai, J.; Wang, R.; Zhou, Y.; Tong, X. A Review of the Durability-Related Features of Waste Tyre Rubber as a Partial
Substitute for Natural Aggregate in Concrete. Buildings 2022, 12, 1975.

Lakhiar, M.T.; Kong, S.Y.; Bai, Y.; Susilawati, S.; Zahidji, I.; Paul, 5.C.; Raghunandan, M.E. Thermal and Mechanical Properties
of Concrete Incorporating Silica Fume and Waste Rubber Powder. Polymers 2022, 14, 4858.

Bu, C; Zhu, D.; Ly, X; Liu, L,; Sun, Y.; Yu, L.; Xiao, T.; Zhang, W. Modification of Rubberized Concrete: A Review. Buildings
2022, 12, 999.

Wang, J.; Dai, Q.; Guo, S.; Si, R. Study on Rubberized Concrete Reinforced with Different Fibers. ACI Mater. ]. 2019, 116, 21-31.
Gupta, T.; Siddique, S.; Sharma, R.K.; Chaudhary, S. Behaviour of waste rubber powder and hybrid rubber concrete in aggres-
sive environment. Constr. Build. Mater. 2019, 217, 283-291.



Materials 2023, 16, 1810 19 of 19

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gupta, T.; Chaudhary, S.; Sharma, R.K. Mechanical and durability properties of waste rubber fiber concrete with and without
silica fume. J. Clean. Prod. 2016, 112, 702-711.

Siad, H.; Lachemi, M.; Ismail, M.K,; Sherir, M.A.; Sahmaran, M.; Hassan, A.A. Effect of Rubber Aggregate and Binary Mineral
Admixtures on Long-Term Properties of Structural Engineered Cementitious Composites. Am. Soc. Civ. Eng. 2019, 31, 04019253.
Karunarathna, S.; Linforth, S.; Kashani, A.; Liu, X.; Ngo, T. Effect of recycled rubber aggregate size on fracture and other me-
chanical properties of structural concrete. J. Clean. Prod. 2021, 314, 128230.

Zhu, H,; Rong, B.; Xie, R.; Yang, Z. Experimental investigation on the floating of rubber particles of crumb rubber concrete.
Constr. Build. Mater. 2018, 164, 644—654.

Su, H.; Yang, J.; Ling, T.C.; Ghataora, G.S.; Dirar, S. Properties of concrete prepared with waste tyre rubber particles of uniform
and varying sizes. J. Clean. Prod. 2015, 91, 288-296.

Martinez-Barrera, G.; del Coz-Diaz, J.J.; Alvarez-Rabanal, F.P.; Gayarre, F.L.; Martinez-Lépez, M.; Cruz-Olivares, J. Waste tire
rubber particles modified by gamma radiation and their use as modifiers of concrete. Case Stud. Constr. Mater. 2020, 12, e00321.
Aureliano, F.D.S.; Ariellen Ap, F.C.; Junior, LF.; Pedroso, R.D.O. Manufacture of structural blocks of concrete with waste tire
rubbers. Procedia Manuf. 2019, 38, 464—470.

Ismail, M.K; Hassan, A.A.A. Impact resistance and mechanical properties of self-consolidating rubberized concrete reinforced
with steel fibers. . Mater. Civ. Eng. 2017, 29, 04016193.

Fernandez-Ruiz, M.A.; Gil-Martin, L.M.; Carbonell-Marquez, ].F.; Hernandez-Montes, E. Epoxy resin and ground tyre rubber
replacement for cement in concrete: Compressive behaviour and durability properties. Constr. Build. Mater. 2018, 173, 49-57.
Mishra, M.; Panda, K.C. Influence of Rubber on Mechanical Properties of Conventional and Self Compacting Concrete; Springer: Ber-
lin/Heidelberg, Germany, 2015; pp. 1785-1794.

Da Silva, F.M.; Barbosa, L.A.G.; Lintz, R.C.C.; Jacintho, A.E.P.G.A. Investigation on the properties of concrete tactile paving
blocks made with recycled tire rubber. Constr. Build. Mater. 2015, 91, 71-79.

Murugan, R.B.; Natarajan, C. Investigation of the Behaviour of Concrete Containing Waste Tire Crumb Rubber; Springer: Berlin/Hei-
delberg, Germany, 2015; pp. 1795-1802.

Jokar, F.; Khorram, M.; Karimi, G.; Hataf, N. Experimental investigation of mechanical properties of crumbed rubber concrete
containing natural zeolite. Constr. Build. Mater. 2019, 208, 651-658.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



