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Abstract: Fiberglass is a waste generated in the construction materials industry, which is not danger-
ous for the environment, but long-term and very long-term storage is expensive. Finding a method of
reuse as in creating a useful composite material led to the research work in this study. The impact of
waste fiberglass and furnace slag on the characteristics of novel composite materials was examined
in this study. The density and mechanical properties of the composite samples were examined to
determine the impact of waste fiberglass (WFG) concentration in it. Washed river aggregates were
replaced with WFG in various ratios in our laboratory tests. Concrete class C16/20 was utilized,
having 0.35-0.7 w. % WFG and 2-10% slag. The obtained material was evaluated for density, worka-
bility, and compressive strength. The experiments were carried out in an accredited concrete station
laboratory. The density of the resulting materials decreased as the WFG content was increased. The
densities were higher than the witness sample, ranging from 2358 to 2405 kg/m?3. The findings show
that adding WFG and slag to concrete has a positive impact on its characteristics. With the addition of
WEG, the mixture became more non-homogenous, but these characteristics can be optimized in future.
Because of the differential in density between WFG and natural coarse aggregates, the fresh density
of obtained composites dropped as the percentage of WFG increased; this could be an advantage,
as the newly obtained material became lighter. The findings show that adding waste to concrete
has a detrimental impact on its qualities. The introduction of blast furnace slag up to 5% does not
modify the compressive strength, compared to the reference samples, but 10% slag causes a decrease
in compressive strength of 4.2%. A proportion of 0.25% WFG causes a slight increase in mechanical
strength; therefore, 0.25% WEFG and 5% slag increased the compressive strength, the maximum value
being obtained for a composite with 0.25% WEFG, 5% slag, 5% sand and aggregates. Capitalization of
WEG and slag resulted in significant economic and environmental benefits by reducing waste storage
costs and production costs, and advantages resulted from the new material.

Keywords: glass waste; composite materials; waste dosage; properties

1. Introduction

Composite materials are the most widely used construction material and huge amounts
of natural resources are required to manufacture it [1]. Being a material formed by mixing
cement, sand, gravel, and water, with or without additives and admixtures, the properties
of this mixture develop through the hydration of the cement. Although concrete is a com-
monly used building material, its poor ductility, high brittleness, low tensile strength, low
tensile strain, and weak impact toughness provide several constraints in engineering appli-
cations [2]. The integration of diverse discontinuous fibers into concrete can significantly
address its deficiencies [3,4]. An effective method to enhance its characteristics involves
the incorporation of various fiber types [5,6]. Several commercially available options in-
clude steel, glass, synthetic, and certain natural fibers [7,8]. Notably, glass fiber (GF) and
polypropylene fiber (PPF) are commonly utilized materials to reinforce concrete and boost

J. Compos. Sci. 2024, 8, 256. https:/ /doi.org/10.3390/jcs8070256

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs8070256
https://doi.org/10.3390/jcs8070256
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0003-0152-0748
https://doi.org/10.3390/jcs8070256
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs8070256?type=check_update&version=1

J. Compos. Sci. 2024, 8, 256

20f19

its performance [9]. The addition of GF or PPF in concrete mixes has been explored to
augment its mechanical attributes. Incorporating GF or PPF serves to bridge micro-cracks
within the matrix, redistributing stress and impeding stress propagation at crack tips. This
approach exhibits a favorable inhibitory effect during the initial and propagation stages of
matrix cracking, ultimately enhancing the concrete’s load-bearing capacity post-peak load.
It facilitates a “cracking without breaking” failure mode, thus improving mechanical prop-
erties such as tensile strength, flexural strength, toughness, ductility, modulus of rupture,
and energy absorption [10]. Consequently, this transformation results in a transition from
brittle to ductile material behavior.

Fiberglass mesh serves as a reinforcement component in the external thermal insulation
systems of buildings, proving to be effective in enhancing both interior and exterior plasters.
However, the manufacturing process of fiberglass generates a considerable number of
recyclable fibers as residue. This study aims to address the challenge of utilizing this
waste from the fiberglass manufacturing industry in various strength classes of concrete
compositions. Incorporating glass fibers into concrete production offers several advantages
and disadvantages [11].

To enhance concrete properties, a second by-product, granulated blast furnace slag,
sourced from the steel production process, was introduced [12]. Granulated blast furnace
slag is obtained by rapidly quenching molten iron slag with steam or water, resulting in
aglassy, granular material rich in iron, silica, and aluminum oxides. This addition serves to
improve the durability and strength of concrete. The study evaluates various properties of
the composite mixture, including workability, density of the fresh and hardened mixtures,
and compressive strength [13].

Concrete reinforced with glass fibers is a common practice in the construction indus-
try [14]. Glass fiber-reinforced concrete (FG) is a composite material that incorporates fine
glass fibers into the concrete mix. These fibers can be randomly dispersed or strategically
oriented to enhance the mechanical properties of the concrete [15]. Here are some key
features and advantages of glass fiber-reinforced concrete: strength and durability [16].

The addition of glass fibers improves the tensile strength of concrete, reducing the
likelihood of cracking and enhancing durability. FG is known for its ability to withstand
harsh environmental conditions, such as freeze-thaw cycles and exposure to chemicals.
Glass fibers are lightweight, which helps in reducing the weight of the concrete. This
can be particularly beneficial in applications where weight is a concern. The inclusion of
glass fibers helps control and minimize cracking, especially in situations where traditional
concrete might be prone to shrinkage cracks [17]. Unlike traditional steel reinforcement,
glass fibers do not corrode, providing added resistance to environmental factors that can
degrade concrete over time [18]. On the other hand, using wastes achieves a reduction in
pollution and CO; emissions [19,20], with thermal processes for obtaining other types of
fibers [21].

Concrete incorporating slag, often referred to as slag cement or ground granulated
blast furnace slag, is a widely used construction material [22]. Slag is a by-product of the
iron-making process and is obtained by quenching molten iron slag from a blast furnace
with water or steam. Incorporated into concrete, slag offers various benefits: enhanced
durability, reduced heat of hydration, improved workability, improved strength, etc.

Slag cement improves the long-term durability of concrete. It reduces permeability
and enhances resistance to sulfate attack and the alkali-silica reaction, contributing to
the overall durability of the concrete structure [23]. On the other hand, the use of slag in
concrete helps in reducing the heat generated during the hydration process [24]. This is
particularly advantageous in massive concrete structures, where excessive heat can lead to
thermal cracking. Workability of concrete with slag can be enhanced; this is often attributed
to the fine particles in slag, which act as a filler, improving the overall particle packing
of the concrete mix [25]. Regarding strength properties, concrete with slag can achieve
comparable or even superior compressive strength compared to conventional concrete over
time [23].
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Blast furnace slag is the most important by-product of the steel industry, in terms
of available quantity and existing and potential areas of reuse. Blast furnace slag is a
by-product resulting from the process of extracting pig iron from ores. It is formed as a
result of the reduction reactions of iron oxides with carbon monoxide, originating from
the burning of coke. In the furnace, along with iron ore and coke, limestone or dolomite is
introduced to remove impurities (compounds with sulfur, phosphorus, silicon, aluminum,
manganese, etc.) through liquid phase reactions with calcium oxide. The melt formed by
the reaction of calcium oxide with iron ore impurities separates as slag at the top, due to its
much lower density (approx. 2200 kg/m?) than that of molten iron (approx. 7800 kg/m?).

It is important to note that the proportion of slag used in concrete mixtures can vary,
and the specific properties of slag can depend on the source and manufacturing process;
for this reason, experiments with definite sources are necessary.

The utilization of waste materials like fiberglass or slag in concrete is indeed environ-
mentally friendly, as it repurposes by-products that would otherwise end up in landfills.
This mean sustainable construction practices by reducing the reliance on traditional cement
production, which is a significant source of carbon emissions. Depending on the local
availability and accessibility of slag, it can offer a cost-effective alternative to traditional
cement, especially in regions where slag is abundant. However, it is important to note the
potential environmental issues associated with non-biodegradable materials like fiberglass,
as highlighted by Karthikeyan et al. [26]. Accumulation of such materials over time can
pose challenges, underscoring the need for responsible disposal practices and ongoing
research into alternative materials with minimal environmental impact.

In this study, the possibilities of using of fiberglass waste, from a Romanian enterprise,
in concrete composite are comprehensively analyzed for the first time. This waste is the
result of mesh production, as the original fiberglass and the technology for obtaining of
mesh is in wide use.

2. Materials and Methods
2.1. Materials and Mixtures

The ordinary Portland cement CEM II A/LL 42.5R was adopted during this experiment
and the physical and mechanical properties of the cement are shown in Table 1.

Table 1. Cement properties CEM I A /LL42.5R.

Characteristics UM Values
Clincher (K) Y% 82
Limestone (LL) % 14
Minor auxiliary components % 4
Initial setting time minute 60
Stability (expansion) mm max. 3
Compressive strength: initial MPa min. 22
Compressive strength: standard MPa min. 42.5; max. 62.5
Sulphate content (as SO3) Y% max. 4
Chloride content % max. 0.1

Natural river sand with particle diameter 0—4 mm and with a 2.65 fineness modulus
was used as fine aggregate (Agrl). Coarse aggregate a particle diameter of 4-16 mm was
used in two classes: Agr2 class 4-8 mm and Agr3 class 8-16 mm. The mix proportions of
the concrete mixes prepared are shown in Table 2.

Mix composition was chosen by maintaining the usual recipe of concrete class C16/20
preparation, modifying it by replacing part of the aggregates with slag and WFG. The study
is based on increasing the proportions of WFG and slag and finding an optimal and safe
composition of concrete that can be used on an industrial scale.
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Table 2. Mix proportions of concrete.

Ref1 Ref 2 Ref 3 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8

Cement 17.40 18.60 19.20 17.40 17.40 17.40 17.40 17.40 17.40 17.40
Water 9.53 10.2 10.52 9.53 9.53 9.53 9.53 9.53 9.53 9.53
Additive 0.087 0.093 0.096 0.087 0.087 0.087 0.087 0.087 0.087 0.087
WEG - - - - - - 0.35 0.71 0.35 0.35
Blast slag - . - 2.84 7.08 9.08 - - 7.08 7.08
Sand - - - - - - - - - 7.08
Agrl 47.06 47.06 47.06 47.06 47.06 47.06 47.06 47.06 47.06 39.96
Agr2 25.25 25.25 25.25 25.25 25.25 25.25 25.25 25.25 25.25 25.25
Agr3 42.46 42.46 42.46 42.46 42.46 42.46 42.46 42.46 42.46 42.46

To ensure the workability and mechanical properties of a composite concrete, wa-
ter /binder ratios were set to 0.55, while the volume fractions of WFG were 0.35% and 0.70%.
Three mixtures were used for the comparison: Ref 1-Ref 3.

In order to improve the mechanical qualities of our composite mixture, we used fiber
waste from Bico Industries along with slag powder as a mineral admixture. Additionally,
we utilized a polycarboxylate-type high-performance water reducer to achieve the desired
slump for our fresh concrete.

Using slag powder as a mineral admixture can improve the durability and strength of
concrete while reducing its environmental impact. The addition of fiber waste from Bico
Industries can enhance properties such as toughness, ductility, and resistance to cracking,
contributing to overall mechanical performance.

The use of a polycarboxylate-type high-performance water reducer helps in achieving
the desired workability or slump of the concrete mix without compromising its strength
or durability. This type of water reducer is commonly used in high-performance concrete
mixes to maintain flowability while reducing water content, which can lead to improved
strength and durability characteristics.

The granularity of the aggregates and the granulometric composition of the total
aggregates with the maximum size of the aggregates 0-16 mm used in the preparation of
the concrete used in the study are presented in Table 3.

Table 3. Granulometric distribution of concrete components.
Class of Dosages, % 0.125 0.250 0.500 1 2 4 8 16
Granulosity

0-4 6.78 16.83 36.7 56.08 70.84 92.46 100 100

4-8 0 0 0 0.66 1.23 2.07 87.53 100
8-16 0 0 0 0 0.15 0.26 6.11 96.06
0-4 41 2.78 6.90 15.05 22.99 29.04 3791 41.00 41.00
4-8 22 0.00 0.00 0.00 0.15 0.27 0.46 19.26 22.00
8-16 37 0.00 0.00 0.00 0.00 0.06 0.10 2.26 35.54
100 2.78 6.90 15.05 23.14 29.37 38.46 62.52 98.54

min 1 3 8 12 21 36 60 95

max 5 8 20 32 42 56 76 100

Additions are fine inorganic materials that can be added to the mixture to improve
certain of its characteristics or to achieve special properties. Additions can improve the
following characteristics of concrete: workability, degree of impermeability, resistance to
aggressive chemical agents, etc. In this study, furnace slag was used as an addition.

The water used was water from the public water supply.

The samples were prepared and tested following the guidelines outlined in [27-35] and
according to European Standard SR EN 206 + A2:2021 [36]. The mixing of materials and the
preparation of specimens were carried out within laboratory conditions at a temperature of
22 °C, obtaining a volume of 0.06 m3. The sequence of adding raw materials into the forced
mixer and the duration of stirring was as follows: (1) Coarse aggregates and fine aggregates
were introduced into the forced mixer and stirred for about 20 s. (2) Cement and slag were
then added and stirred for an additional 20 s, followed by the addition of approximately
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30% water, stirred for roughly 90 s. (3) Fiber and 30% water were incorporated and stirred
for another 90 s. (4) Subsequently, a superplasticizer and the remaining water were added
and stirred until achieving uniform colloid consistency. The workability of the concrete
mixture was assessed through a slump test. Following casting, specimens were allowed
to cure in molds for 24 h, after which they were demolded and transferred to a curing
water tank situated in a standard curing room at 20 °C until reaching either 7 or 28 days of
testing age. Following extraction from the curing environment, specimens were air-dried
for approximately 5 min at room temperature prior to conducting the test. Three samples
were taken from each mixture for testing.

2.2. Materials and Concrete Characterization

Granulometric analysis is a specific step in characterization of granular materials. The
granularity of the aggregates is mainly characterized by the following factors: the total area
of the granules; the relative volume occupied by the aggregates; the content of the fine part
and the coarse part. A very important thing is the total specific surface of the aggregates
volume, which directly influences the amount of water required for mixing, with all the
advantages and disadvantages that arise from that.

Dry sieving is a method used to separate particles based on their size using a sieve
or a set of sieves. It is a common technique in various industries, including construction,
environmental science, etc. The process involves passing a sample through a series of
sieves with progressively smaller openings, and particles that are larger than the openings
are retained on the sieve, while smaller particles pass through.

Screening is performed for each granular class, using the corresponding sieves from
the basic series (1; 2; 4; 8; 16; 32) and subunit sieves (0; 0.125; 0.250; 0.5). For example, for
the granular class 8/16, the sieves 0, 0.125, 0.250, 0.5, 1, 2, 4, 8, and 16 were used.

Adhesion of the aggregates to the cement paste. This characteristic is of particular
importance because it directly influences the strength of the mixture through the degree
of interpenetration of the cement paste between the surface roughness of the aggregates.
The irregular surfaces specific to the crushing aggregates, together with the soft and
heterogeneous nature of the rocks, lead to an increased adhesion with the cement paste.

Granule shape and surface texture. The shape of the granules changes the volume of
voids. Classification of the main shapes of aggregates particles: rounded, irregular scaly,
angular, elongated. The main aspects that are important from the point of view of the
shape and texture of the aggregates are: degree of roundness, sphericity, proportion of scaly
grains, surface texture. Thus, the rounded granules give the mixture an easy workability,
which needs less mixing water and is easier to compact; the elongated granules give the
mixture a 20-25% lower strength compared to the mixture made with rounded granules.

The density can be classified according to real density, apparent density, bulk density,
specific density and is determined by weighing as mass is proportional to volume.

Segregation is the phenomenon of separating granules according to size, which leads
to its inhomogeneity through the accumulation of large granules at the base of piles formed
by the unloading of dump trucks or other means of transport. Humidity allows a reduction
in segregation, through the adhesion of fine granules to coarse ones.

Impurities in the aggregates can negatively influence the cement hydration reactions,
due to deposits on the granules, which prevent aggregate—cement paste adhesion and
particles without resistors. The organic substance in the mass of the aggregates that
is formed from the decomposition of organic matter is in the form of organic soil and
humus. Silt consists of fine particles (up to 0.02 mm); it can form films on top of the
aggregate granules, or it can act freely in the particles. Clay has harmful effects of breaking
the adhesion between the cement paste and the aggregates grain, negatively affecting
the durability and strength of the mixture. The impurities content of aggregates was
determined by washing.

SEM, XRD, and EDS analyses were performed for the raw materials, and for composite
materials the mechanical strength, microstructural characteristics, density, and workability
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were determined. An X'Pert PRO MRD X-ray diffractometer—PANalytical (X-ray diffrac-
tion analysis—XRD, Malvern, UK) and SEM VEGA TESCAN Scanning Electron Microscope
(VegaTescan LMH II, VegaTescan, Brno—Kohoutovice, Czech Republic) equipped with the
QUANTAX Bruker EDS Microanalysis system (Quanta 3D-AL99/D8229-FEI Company,
Hillsboro, OR, USA) were used for characterization.

3. Results and Discussion
3.1. Characterization of Aggregates (Agr)

For a given aggregate and a maximum grain size established according to the criteria
in the regulations, the total area depends on the proportions of the component fractions of
the total aggregates. The proportions of the fractions will be established so as to obtain a
minimum volume of voids.

The desired granularity can be obtained by sorting the aggregates by sifting with
sieves of different meshes. The proportion of different granules is determined by the
summation of the granules up to the given size. In the experimental study, three types of
aggregates are used: sand or grit with 0—4 mm coarseness; aggregates with a granularity
4-8 mm grain size; and aggregates of 8—16 mm.

The sample was dried in the oven at a temperature of 110 & 5 °C until reaching a
constant mass. After cooling, the amount of the sample to undergo sieving was taken.
The test consists of separating into several classes of aggregates. The masses of granules
retained on different sieves are related to the initial mass of the material and the cumulative
percentages of passing through each sieve are presented in numerical form. Aspects of the
aggregates are presented in Figure 1. The results of granulometric analysis and aggregate
properties are presented in Table 4 and in Table 5 the physical and mechanical characteristics
of the aggregates are presented.

Table 4. Results of the granularity of the aggregates, %.

Aggregates 1 Aggregates 2 Aggregates 3
Sieve (mm) Refusal Refusal Cumulative Refusal Refusal Cumulative Refusal Refusal Cumulative
31 0 100
16 0 100 3.94 96.06
8 0 100 12.47 87.53 89.94 6.11
4 7.54 92.46 85.46 2.07 5.85 0.26
2 21.63 70.84 0.84 1.23 0.11 0.15
1 14.76 56.08 0.57 0.66
0.5 19.37 36.70
0.250 19.87 16.83
0.125 10.05 6.78
0.063 5.03 1.75 0.43 0.22 0.10 0.06
P 1.78 0 0.22 0 0.06 0
100 100 100

Aggregates 1, 04 mm Aggregates 2, 4-8 mm

Figure 1. Cont.
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Aggregates 3, 8-16 mm
Figure 1. Aspects of aggregates.
Table 5. Physical and mechanical characteristics of aggregates.
No. crt. Characteristics Analyzed UM Aggr.1 Aggr. 2 Aggr. 3
1 Water content (moisture) Y% 6.58 4.36 2.84
2 Absolute density kg/ m3 2517 2657 2643
3 Real density after drying kg/m?3 2281 2548 2538
4 Real density on saturated surface kg/ m3 2381 2589 2578
5 Absorbency coefficient % 2.65 1.61 1.57
6 Bulk density kg/m? 1360 1470 1490
7 Intergranular porosity Y% 445 45.6 49
8 Sand equivalent Y% 91
9 Percentage of broken surfaces % 16.5 35
10 Shape coefficient Y% 12.5 5.5
11 Flattening coefficient % 11 17.02

In the case of our study, the impurity content of the aggregates was: aggregate 1—1.9%,
aggregate 2—0.4%, and aggregate 3—0.33%.

3.2. Superplasticizer Additive

A high-performance polymeric superplasticizer was used in the study. Adding 0.8%
superplasticizer reduces by 5 to 6% the amount of water used in the preparation of the
mixture. It provides increased plasticity allowing the production of a low water content
mixture with high workability. It prevents settling, facilitates homogenization of the
mixture, mixing time is reduced, and dosing can be carried out before or after the addition
of water. The additive provides a stable consistency without segregation. Its properties are
presented in Table 6.

Table 6. Properties of additive.

Characteristics UM Values
Density kg/dm3 1.02
Chloride content % <0.10
Alkali content % <2.0

3.3. Waste Fiberglass (WFG)

Fiberglass is a glass that comes in the form of fine fibers, which are made from special
glass. Glass fibers are used as transmission cables in telecommunications, as textile fibers,
or as heat-insulating and sound-insulating materials. During fabrication of fiber mesh, a
significant quantity and volume of it is generated. In this study waste glass fiber (WFG)
mesh, resistant to alkaline environments, anchored with a layer of styrene-butadiene (a
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thermoplastic elastomer), was used. The glass fiber mesh has a mass of 160 gr/ m?2. For the
actual study, WFG was received from Bico Industries, Piatra Neamt, Romania, as is shown
in Figure 2a. To make it usable in composite preparation, fiberglass roll was manually cut
into glass fibers with dimensions between 3 to 5 cm, as is shown in Figure 2b. Blast furnace
granulated slag was used just as received from the metallurgical industry supplier, Galati
Romania. WFG was used as a reinforcement element in the prepared cement composite.
In the composite mixture, we used shredded scrap; the size of the shred is 3-5 cm. The
fiberglass waste resulting from obtaining webs were a finished product with defects, and
contained more than 70% of fibers of diameter below 13 um, with an average diameter size
of 12.14-13.3 um.

(a) General aspect before cutting
Figure 2. Waste fiberglass from Bico Industries.

Glass fiber samples were prepared for analysis; the quarter method was used to
prepare the significant sample. The determination of humidity was also carried out at 105
°C, in triplicate; the obtained value was 0.3%.

The dried sample was placed in three clean, labelled jars representing the samples for
analysis. Morphologic analysis of the fiberglass is presented in Figure 3.

‘ i [ AL [
) f 17/2019 HV mag WD det | mode | HFW —50 pm —
Y 141 mm LFD SE 149um  Quants 3D “113:00:52 PM| 20.00 KV| 1000 x 14.3 mm| LFD SE | 298 ym | Quanta 200 3D

i
WD det mode HFW

Figure 3. Morphologic analysis of fiberglass waste.

From Figure 3, it can be seen that the waste fiberglass surface is smooth without texture
and distributed in packages, as in the literature [37].
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The chemical analysis was performed by EDS. The elemental composition obtained
was transformed into the real components: SiO;, Al,O3, and CaO, Table 7. If the sum of
the mass percentages of the elements is 100, the sum of the compositions of the fictive
components is different, of which in glass fiber Ca, Al, and Si bind in the form of calcium
silicates and complex calcium silicates/aluminates [2,38].

Table 7. Oxidative composition of treated fiber, %.

620 cps/eV .
496 4
Components Value 372 4
0 Ca
248 4
Al
124 c
C 23.40 .
SiO, 52.95 (
CaO 10.16 - 200 400 600 800 1000 1200 1400 Energy - keV
AlL,O3 13.6

The literature shows that in general glass fiber has the following composition:
S10;: 58-62%; Al,O3: 14-18%; CaO + MgO: 20-24.5%; CaO: more than 14%; Li;O: 0.01-0.5%;
Na,O + K,O: less than 2%; TiO;,: less than 3.5%; Fe,Os: less than 1%; and F,: less than
1%. The weight percentage ratio of CaO/MgO is greater than 2 and less than or equal to
2.6; and the weight percentage ratio of SiO, /CaO is between 3.3 and 6 [39—-41]. The main
component of glass fibers is silica (silicon dioxide SiO;) In crystalline form it is tetrahedral,
with four oxygen atoms surrounding a central silicon atom. It has no melting point, but
softens up to 2000 °C, where it begins to degrade [42].

The density of E-type fibers is 2620 kg/m?, higher than that of boron fibers which is
2550 kg/m?, while ECR-type fibers have densities ranging from 2660 to 2680 kg/m? [43,44].
The fiberglass used in this study had a density of 2504.3 kg/m?.

The tensile strength was determined; the obtained value was 3985 MPa.

Based on the results of the chemical analyses, the following conclusions and recom-
mendations can be drawn: Glass fiber waste from SC Bico Industries SRL is not dangerous
for the environment, not radioactive, does not give off gas under storage conditions; capi-
talization of the glass fiber waste is recommended due to the space required for storage. to
The adhesive-treated fiber additionally contains C (carbon) corresponding to the organic
continuum of the adhesive; the oxides present in fiberglass recommend capitalization of it
in construction materials.

3.4. Characterization of Furnace Slag

It is a by-product of the metallurgical industry. When melted, slag contains FeO, Fe; O3,
5i0;, Al,O3, CaO, MgO. In the study, we use it as an admixture in proportions of 2%, 4%,
and 10% to improve the strength of the composite material. It is used in ground form
with a grain size similar to that of sand. The blast furnace slag density was 1182 kg/m?,
determined by the pycnometer method.

3.4.1. SEM Analysis

To establishing the possibilities to using the slag in composites, it was characterized.
The size and shape of the particles are shown in Figure 4.

Analyzing the data from Figure 4, the slag presents as a fine powder, with particles
of various shapes, specific to mechanical grinding. The slag has a significant fine part by
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weight with particles below 5 pm. The existence of the coarse part demonstrates an open
circuit grinding process.

[ FR T —

Figure 4. The shape and dimensions of the slag.

SEM micrographs of the form and surface texture of the BOF slag particles are dis-
played in Figure 5 accordingly. The forms of the gravel-sized slag particles ranged from
subrounded to subangular. Subangular, thick particles showed distinct edges and asperities.
Most of the gravel-sized particles exhibited a solid structure and good sphericity. A few
particles also had a heterogeneous porous structure on their surface.

SEM MAG: 100 x 3 SEM MAG: 497 x
SEM MAG: 100 x 200 pm d SEM MAG: 497 x 50 pm

SEMMAG: 200k Lo o1 o o o i JVEGANTESCAN JEESEM MAG: 999 x SEM MAG: 999 x | P |
SEM MAG: 2.01 kx 20 pm fac: HiVac SEM MAG: 999 x 20 pm

Figure 5. The morphologic analysis of slag (marked with red—subangular; marked with blue subrounded).
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The SEM analyses revealed that the slag had sand and silt sizes. Different asperities
and edges were found in angular, bulky particles. The majority of particles with sand and
silt sizes that were analyzed under the SEM exhibited rough surface textures. The data are
in accord with the literature [45].

3.4.2. Elemental Analysis

Identification of the chemical elements present in the slag was carried out by elemental
chemical analysis. The results obtained are presented in Figure 6.

cps/eV
6

3

Fe
K o Al s " Fe

L _u A i - L

2 4 5 8 10
Energy [keV]

Figure 6. EDS analysis of slag.

From Figure 6 and Tables 7 and 8, which show the concentration in mass and atomic
percentages, the slag contains Ca, Si, O, Al, Mg, Fe, but also traces of K, Ti, and Ni was
identified in only one area. Calcium and iron oxide are the two main chemical constituents
of the slag. Based on the elemental mass composition, presented in Tables 8 and 9, the
oxide chemical composition was calculated: CaO—38.136%; S5i0p—25.71%; Al,O3—14.98%;
MgO—4.33%; FeyO3—7.35%; and KoO—0.329%.

Table 8. Elemental analysis of slag area 1.

Element At. No. Mass Norm. [%] Atom [%] Abs. Error [%] Rel. Error [%]

Oxygen 8 54.70531 68.23608 3.367909 14.12383
Calcium 20 25.63269 27.4411 1.111438 3.029601
Silicon 14 12.74784 23.26959 0.669064 4.687123
Aluminum 13 3.449707 6.989401 0.241993 5.874975
Potassium 19 2.611797 1.333122 0.065568 5.759362
Iron 26 2.390726 0.139624 0.045831 26.90945
Nickel 28 0.094624 0.032174 0.017233 41.78154
100 100

Table 9. Elemental analysis of slag area 2.

Element At. No. Mass Norm. [%] Atom [%] Abs. Error [%] Rel. Error [%]

Oxygen 8 49.59821 67.71693 8.036226 13.97084
Calcium 20 25.63269 27.2411 1.111438 3.029601
Silicon 14 12.28445 9.554515 0.667915 4.68815
Aluminum 13 3.820616 3.093154 0.258312 5.829723
Magnesium 12 2.664029 2.394298 0.217641 7.044313

100 100
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From the chemical characterization, the high content of calcium oxide and the presence of
magnesium oxide should be noted. Also, the analyzed slag has a high aluminum oxide content.

The distribution of the elements on the surface is shown in Figure 7. A uniform
distribution of all the elements on the surface of the analyzed slag is found.
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Figure 7. Surface element distribution for slag.
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3.4.3. XRD Analysis

The XRD analysis (Figure 8) demonstrates that the analyzed slag has a slightly
crystallized structure, with positive effects on the concrete production process. Gehlen-
ite (CapAl;Si07), merwinite (3CaO-MgO-25i05), olivine (2MgO-2FeO-5i0;,), a—C;,S and
B—C2S (2Ca0-5i0;), C4AF (4Ca0-Al,O3-FeO3), CoF (2Ca0-FeyO3), MgO, FeO, and C35
(3Ca0:-5i0y), and an uncrystallized, a solid solution of CaO-FeO-MgO, are frequently
found in the slag. The amorphous phase found in slag at 28 0 is characteristic of glass.
The amorphous phase was constituted of network-forming oxides Si0, and Al;03. The
diffractogram indicates compounds of the calcium-aluminum-silicate type, in accordance
with the specialized literature [46].
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Figure 8. XRD analysis for slag.

3.5. Characterization of Composite Materials
3.5.1. Morphology of Composites with WFG and Slag

The morphology characteristic pictures of the concrete with WFG and slag are shown
in Figure 9.

From Figure 9, a great bond quality happens between the total and cement framework
and the cement framework is exceptionally compact. Be that as it may, splits within the
cement lattice can be seen, the fiber expansion being vital. Figure 9b shows the SEM
pictures of examples when w/b is 0.55 and 0.25% WFG. The behavior of fiber-reinforced
concrete depends to a great extent on the properties of the interface between the fiber and
the cement-based network. It can be seen from Figure 9b,c that the WFG and the cement
network were very tightly integrated, which may be explained by the fact that WFG is a
mineral fiber and has great hydrophilicity. The fiber-matrix holding quality gives favorable
conditions for WFG to make strides in the quality characteristics and diminish the water
retention of the concrete. As shown in Figure 9b, a reticular organized crystalline structure
can be seen clearly within the pores of the cement lattice. The WFG, whose surface was
secured by a thickly solidified cement lattice, played the part of a filler within the pores and
decreased the porosity. As shown in Figure 9, the cement lattice structure was thickened
and reduced. When splits showed up, because of the shorter distance across the WFG
and the shorter separation between strands, the expansion of the split tip was constrained
by the nearness of fiberglass; in this way, the split might proceed to extend by bypassing
the fiber, breaking the fiber, or pulling the fiber out. Coupled with the great WFG—matrix
holding quality, the development of breaks, fiber pullout and fiber breakage require great
amounts of energy. However, according to Figure 9¢c,d, with increasing slag dosage, the
pores and voids in the network altogether expanded in both measurement and amount.
Concrete morphologies are in accord with the literature [2,47].
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Figure 9. Morphologic analysis of composites.

3.5.2. Density

As shown in Table 10, utilization of recycled WFG increased the air content. Given
the morphology, air is necessarily entrapped within the glass fiber fluff when added in a
dry state.

For the reference samples (Ref 1-Ref 3) that did not contain waste, the density was
2353 kg/m?>. The addition of furnace slag determined a slight increase in densities, in
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the fresh and the hardened state. With the increase in WFG the bulk density exhibits a
continuous decline.

Table 10. Density of mixtures.

Ref1 Ref 2 Ref 3 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8

Theoretical 2363 2363 2363 2411 2484 2599.75 2369 2375 2487 2469

Fresh 2353 2353 2353 2400 2370 2372 2373 2356 2394 2370

Hardened 2401 2375 2374 2377 2358 2405 2369
Workability 70 70 70 60 60 30 20 10 10 10

3.5.3. Workability

Fiberglass has a positive effect on the mechanical properties of concrete but can reduce
workability. The length, diameter, and quantity of fiberglass added are significant factors
that affect the workability. Fibers can lead to a higher water demand to achieve the same
workability as reference concrete [48]. Table 10 shows that the addition of WFG also reduced
the mixtures” workability, in accord with the literature [49]. The decrease in workability
was probably caused by the dry glass fiber fluff absorbing the mix water. Consequently, a
vibration table was used for compaction. The workability decreased from 70 mm at 20 mm,
respectively, to 10 mm for samples that contained WFG, but all of the composite mixtures
were sufficiently workable to be cast into the molds.

3.5.4. Compressive Strength

Figure 10 shows the evolution of the compressive strength of the obtained composites.
All experiments were realized in triplicate. For the control samples, the compressive
strength increases between 35-40% from 7 to 28 days, in accordance with the literature [50].
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Figure 10. Compressive strength of composites.

The introduction of blast furnace slag up to 5% does not cause change in the compres-
sive strength, compared to the reference samples. Increasing the slag content to 10% causes
a decrease in compressive strength of 4.2%. The decrease being reduced, the introduction
of slag into the composite represents a sustainable method with significant savings of
natural resources.

The same value was obtained for Ref 2 and Ref 3 as for Ref 1.

A percentage of 0.25% glass fibers causes a 3% increase in mechanical resistance. It
should be noted that glass fiber waste has a positive influence only in small proportions,
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increasing the content to 0.5% negatively influencing the compressive strength. This effect
can be explained by the difficulties in homogenization, and at the same time a drastic
decrease in workability is observed.

Therefore, for the study of the simultaneous influence of the two wastes, a content of
0.25% WEFG and 5% slag was chosen, and an increase of 3 MPa in the compressive strength
was observed. The best results were obtained by adding a 5% sand content (Mix 8) along
with WFG and slag.

As shown in Table 11, utilization of recycled WFG influenced the compressive strength
of concrete.

Table 11. Comparison between compressive strength of different composites.

Composites Compressive Strength, MPa References

C16/20 concrete 221 [51]
Geopolymer with 1% glass fiber 29.1 [52]
Geopolymer with 2% glass fiber 343 [52]
C16/20 with 1% basalt fiber 36.67 [53]
Concrete with 0.5% fiberglass 35.2 [54]
Concrete with 1% fiberglass 25.3 [55]
Concrete with 0.67% fiberglass 32.23 [55]
Concrete with 1% fiberglass 28.7 [55]

C16/20 with 0.35% WFG 33.63 Present study

C16/20 with 0.71% WEG 27.82 Present study

C16/20 with 0.35% WFG and 5% slag 34.8 Present study

From Table 10, it can observe that increase in fiberglass content determine the com-
pressive strength decreasing. In our study we demonstrated that compressive strength
values can be improved by adding slag.

4. Conclusions

The non-biodegradable nature of glass waste makes it a challenge for all countries
around the world due to lack of existing landfill space and lack of space for new landfills.
The use of waste glass in the construction industry can provide an environmentally friendly
solution to this waste and reduce the problems also faced by the glass and cement industry.

Other studies have been carried out to try to recover glass waste because glass waste
is an urgent environmental problem worldwide. These materials take up huge parts of
landfill space due to the non-biodegradable nature of glass. Waste glass can be used in
cement and concrete, but the particle size of waste glass plays a key role in the destructive
alkali-silica reaction and concrete performance.

The present work shows mixtures and characteristics of ecological composite with
waste fiberglass and furnace slag. Introduction of WFG determined the reduction in
workability attributed to increased water demand due to the irregular geometry and
the high specific surface of the fibers. In the research presented here, the reduction in
workability had a negative influence on compressive strength. The results demonstrate
that adding waste to concrete affects its properties. In comparison to the reference samples,
the addition of blast furnace slag up to 5% did not change the compressive strength;
nevertheless, the addition of 10% slag resulted in a 4.2% decrease in compressive strength.
Because 0.25% WEFG slightly increases mechanical strength, 0.25% WFG and 5% slag
increased compressive strength; the composite containing 0.25% WFG, 5% slag, and 5%
sand had a compressive strength over 40 MPa.

Overall, our approach demonstrates a thoughtful consideration of both material
selection and concrete mix design to achieve desired mechanical properties while also
addressing environmental concerns and meeting performance requirements.
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