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Abstract: Ultrahigh-performance fiber-reinforced cement-based composite (UHPFRC) made with
waste derived from scrap tires and oil refineries was tested in this study. The UHPFRC sample
exhibited a maximum compressive strength of about 189 MPa at the end of 28 days. Steel fibers
were recovered from scrap tires and were added up to 3% by volume in the UHPFRC samples. Such
additions reduced cement flow by 11% but improved compressive strength by 21%. The equilibrium
catalyst particles (ECAT) disposed of by oil refineries were used in amounts of up to 15% by weight
as a replacement for cement in such UHPFRC samples. These aluminosilicate materials are spherical
in shape and have a porous microstructure, which was found to reduce the cement flow by absorbing
more free water onto their surfaces. They also reduced the heat and strength developments at early
stages. However, the total cost of the final cement-based mixture and associated CO2 emissions were
reduced by up to 7% and 15% due to the inclusion of the ECAT particles. These findings help to
optimize the ECAT and recovered steel fibers in the UHPFRC mix design, and such waste valorization
strategies can help achieve the goal of becoming carbon neutral.

Keywords: equilibrium catalyst; recycled steel fiber; cement; properties; CO2 emissions

1. Introduction

Ultrahigh-performance fiber-reinforced cement-based composite (UHPFRC) exhibits
excellent properties and is used more widely in long-span bridge deck constructions [1].
The application of UHPFRC reduces the thickness of the deck by up to 35%, resulting
in cost savings associated with materials, installation, and labor [2]. The production
of UHPFRCs requires a larger volume of cementitious materials, which improves the
properties related to long-term durability by densifying the microstructure [3]. UHPFRCs
must have a high packing density in order to obtain superior mechanical and durability
properties [4]. Limestone, silica fume, fly ash, slag, and quartz powder, as replacements for
cement, improve the packing density. Discrete steel fibers are recommended in the design
of UHPFRC to effectively inhibit crack propagation under vehicle loads [5]. Today, the
consumption of energy and natural resources is becoming restricted, and the construction
sector around the world is paying more attention to the use of waste utilization strategies
in concrete production [6]. Despite its excellent properties, UHPFRC is not considered
favorably due to the higher cost of ingredients and the fact that its production has a high
carbon footprint [7]. The overuse of cement and steel fiber affects the production cost of
UHPFRC, and also causes CO2 emissions [8]. This implies that UHPFRC needs to be further
optimized with low-carbon materials, with its final cost and ecological developments
requiring more experimental information, which is the main aspect in this research. The use
of industrial by-products in UHPFRC reduces the environmental and economic impacts [9].
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However, their quantities are restricted because they exhibit weak strength gain at early
stages. The proposal of using low-cost material with greater sustainability remains a
challenge. A major concern for the diversity of environmental agencies is to acquire a
productive methodology to manage waste products. Since a lot of solid waste goes to
landfills in sub-urban and rural areas, this can also cause, in addition to environmental
pollution by occupying the landscape, some health problems [10].

Unlike the end-of-life phase of concrete [9], of which considerable studies have been
conducted, little attention has been paid to the waste disposed of by the petrochemical
industries. In crude oil refinery factories, one of the indispensable materials (in a powder
form) is fluid cracking catalyst (FCC), which is vital for breaking the molecules of high-
weight crude oils. Since the cracking process requires high temperatures, the FCC is
disactivated after some time and should be replaced by the new one. The spent equilibrium
catalyst (ECAT) suggested for use in this study is a waste material that is generally disposed
of in landfills [8]. The ECAT was tested as being characterized by pozzolanic activity.
The formation of calcium silicate hydrate (CSH) gel makes ECAT more beneficial for
the production of concrete mixes, which is due to the fact that it reacts with the Ca(OH)2
produced during the hydration of cement [11]. The benefits of using ECAT in the production
of cementitious products such as paste [12], mortar [13], concrete [14], and UHPFRC [15] are
presented in the literature. ECAT particles have a porous structure, and coarser particles
were used as a replacement for sand in paper [15], with fine powders being used as a
supplementary cementitious material in paper [12]. Coarser particles absorb free water,
which acts as an internal curing agent in concrete mixes [15]. In these cases, there is
an increase in mechanical properties and a decrease in the workability of ECAT-based
concrete mixes. The increase in mechanical properties can be justified by the fact that the
reaction of ECAT with calcium hydroxide (CH) could result in the production of CSH gel,
calcium aluminate hydrate (CAH), and calcium aluminosilicate hydrate (CASH), which
are fundamental in improving the mechanical performance of cement-based mixes [16].
Regarding the decrease in workability, the main justification for this fact is that ECAT,
because of its larger surface area and highly porous microstructure, increases the potential
for a high capacity of water absorption.

The reinforcement of concrete matrices using discontinuous fibers is a widely recog-
nized technology for improving mechanical properties, including the postcracking behavior
of materials [17]. After the onset of a crack, the fibers exert their exertions to arrest the crack
using a bridging action and in turn improve the post-peak and residual strength of the
structural elements [18]. The initial high cost of UHPFRC is due to the use of steel fibers. In
addition to material costs, sustainability problems in steel production should be taken into
account [19]. Each ton of steel is estimated to emit 1.9 tons of CO2 [20]. Therefore, the use
of steel fibers recovered from scrap tires could be beneficial in terms of reducing the initial
cost and increasing the sustainability of UHPFRC mixes. The performance of UHPFRC
containing different amounts of this recovered steel fiber (RSF) has been studied in the
literature [8]. The increase in the amount of RSF has been shown to adversely affect not
only the workability but also the homogeneity of the fresh mixture [21]. During mixing,
the fibers will tend to agglomerate, and this balling effect reduces the workability of fresh
mixes [22]. Some recommendations have been proposed to avoid this balling effect, such
as the addition of incremental fiber [23], scattering after wet mixing [24], and using a fiber
aspect ratio of 200 [25]. The importance of rubber being attached to RSF with regards
to concrete performance has been highlighted. A decrease in compressive strength was
reported from 136 MPa to 130 MPa in the case of RSF with rubber attached, while a decrease
of 5% in compressive strength was reported at 141 MPa in the case of fibers without rubber
attached [23]. In the case of the flexural toughness of UHPFRC containing RSF, a gradual
increase in post-peak behavior was reported by increasing the percentage of fiber [26]. The
beneficial use of RSF has also been reported to provide crack bridge and crack-arresting
actions to improve the post-peak behavior of tested beams under flexural load [27]. A
relatively small amount of residual flexural strength, as well as softening responses, was
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revealed with a lower content of fiber use [28], with a significant improvement in flexural
strength being observed when the amount of steel fiber was increased [29]. Improvements
in the first crack by 60% and maximum load by 20% were reported when using 60 kg/m3

of RSF [30]. Recently, the mechanical performance of affordable and eco-efficient UHPFRC
containing RSF was studied [31]. In addition to studying short fiber and the effect of clarity,
different UHPFRCs containing 2%, 3%, and 4% of fiber were proposed. Fibers less than
9 mm were found to significantly reduce the mechanical strength of the proposed mixtures,
and the clarity of the fiber was also shown to improve performance [32]. Furthermore, a
significant cost and environmental benefit of using RSF in the production of UHPFRC was
highlighted in paper [33].

An economic solution for recycling ECAT and RSF would be their utilization in the
production of concrete mixes for infrastructure applications. The synergistic effects of the
RSF and ECAT dose on the optimization, performance, and environmental impacts of the
UHPFRC have not yet been studied. To fill this research gap, UHPFRC samples containing
different amounts of ECAT and RSF were tested in this study. Their rheological, mechanical,
and microstructural properties were evaluated using flow table apparatus, a universal
testing machine, and a scanning electron microscope. The economic and environmental
impacts of the developed UHPFRC were also highlighted with regards to cement-based
mixes that are pertinent to the Polish construction industry, together with a discussion
of the different limits of the concrete system and the conversion factors involved. These
findings can allow for the development of sustainable UHPFRCs in the European market,
where the availability of RSF and ECAT is abundant and the demand for bridge deck
construction is high.

2. Materials and Methods
2.1. Sample Preparation

Portland cement of grade CEM I 52.5R that complies with EN 197-1 [34] was used to
prepare the different samples in this study. Other raw materials were river sand, silica fume,
fly ash, spent equilibrium catalyst, potable water, liquid admixture, and recycled steel fibers.
In this study, river sand particles of sizes less than 5 mm were used. The Sika ViscoCrete-93
model superplasticizer, based on sulfonated naphthalene formaldehyde (SNF), was used to
improve cement flow. The Orlen petrochemical company provided the ECAT in powder
form, while steel fibers mechanically extracted from scrap tires were supplied by a local
source. The average specific gravity and water absorption of the aggregates were calculated
to be 2.67 and 0.43%. These characteristics were determined according to EN 1097-6 [35].

The cementitious materials were loaded onto a circular metal disc and scanned with
Rigaku model X-ray fluorescence (XRF) in order to obtain information regarding their oxide
composition. Table 1 lists the XRF results. The loss in ignition of these materials was found
by heating them up to 1000 ◦C in a hot air oven. The mean values were found to be very
low, indicating that the materials were free of organic matter and carbon species. The ECAT
particles were derived from zeolite, as their main oxides were found to be SiO2 and Al2O3.
The SEM image in Figure 1 shows the spherical morphology of the ECAT particles. The
sample was mounted on a steel stub using a carbon adhesive, then gold-coated for 60 s,
and scanned in a JEOL JSM-6610A model SEM at higher voltage to obtain morphological
information. Figure 1 shows the particle size distribution of the cementitious materials,
which was obtained using the laser diffraction technique. The Cilas 1090 particle size
analyzer was used in this study. The mean particle size of the cement, fly ash, and ECAT
was determined to be 146, 128, and 251 µm, respectively. The average size of the silica
fume reported by the manufacturer was 0.27 µm. A vernier caliper was used to measure
the length and diameter of the RSF samples. Their diameter was found to fall within
0.06-1.6 mm, while their length was 5–35 mm. The cement-based mixtures listed in Table 2
were designated based on the variations in the amount of RSF and ECAT, and they were
proportioned according to the Andreasen and Andersen particle packing model adopted
in Yu, et al. [36]. These mixes were proportioned with a low water-to-binder (w/b) ratio
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of 0.16. The sand-to-binder ratio was maintained at 0.92 by weight in all the mixes. A
superplasticizer was added up to 2.2% by weight of the cementitious material in order to
improve workability. The raw materials were mixed in a high-speed Hobart mixer in a
laboratory environment for up to 8 min, and the fresh mixture was filled into iron molds of
different sizes and consolidated using a vibration table. The upper surfaces were leveled
with a flat blade, and the fresh samples were demolded after 24 h and allowed to cure in tap
water for up to 28 days. The temperature and relative humidity of the curing environment
was maintained at 25 ◦C and 65%.

Table 1. XRF results of the raw materials.

Sample CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O K2O Ignition Loss

Cement (%) 64.6 21.4 3.7 4.6 1.5 0.8 0.3 0.4 2.7
Silica fume (%) 0.1 94.2 0.8 0.3 0.4 0.5 0.3 1 2.4

Fly ash (%) 5.2 46.8 26.2 9.9 - 2.7 2.8 5.5 0.9
ECAT (%) - 54.2 38.1 - 3.9 3.4 - - 0.4
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Figure 1. (A) SEM image of the ECAT, (B) dimensions of the RSF, and (C) PSD of the cementitious
materials.

Table 2. Mix details of the different cement-based samples.

Sample
Designation

Steel Fiber
(% by Volume)

Cementitious Materials (% by Weight)

ECAT Cement Fly Ash Silica Fume

S0E0 0 0 71 13 16
S0E5 0 5 66 13 16

S0E10 0 10 61 13 16
S0E15 0 15 56 13 16
S1E0 1 0 71 13 16
S1E5 1 5 66 13 16

S1E10 1 10 61 13 16
S1E15 1 15 56 13 16
S2E0 2 0 71 13 16
S2E5 2 5 66 13 16

S2E10 2 10 61 13 16
S2E15 2 15 56 13 16
S3E0 3 0 71 13 16
S3E5 3 5 66 13 16

S3E10 3 10 61 13 16
S3E15 3 15 56 13 16

2.2. Test Methods

A Calmetrix I-Cal 8000 HPC was used to monitor the heat developments for six days
at 30 ◦C and 65% relative humidity (RH) in laboratory circumstances, in accordance with
ASTM C1702 [37]. Approximately 30 g of fresh cement paste was put into the calorimeter
channel within a few seconds of mixing. Four paste samples containing ECAT at concentra-
tions of 0, 5, 10, and 15% were prepared using a water-to-binder ratio of 0.4. The flow table
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apparatus recommended in ASTM C230 [38] was used to assess the workability of the fresh
cement mixes. The fresh sample was loaded into the firmly placed truncated cone at the
center of the table. The cone was then removed, leaving the sample, which was dropped
15 times. The flow diameter was measured using a standard ruler, and the average of three
replicates was calculated. A mortar sample of 40 × 40 × 40 mm3 was destroyed on a Zwick
Roell universal testing machine at a rate of 0.6 MPa/s according to EN 12390-3 [39]. The
failure load was divided by the cross-sectional area to calculate the compressive strength.
The average of four replicates were calculated.

In accordance with ASTM C348 [40], a mortar sample measuring 40 × 40 × 160 mm3

was utilized to ascertain the flexural strength. Both notched and unnotched samples were
tested. Using a precision saw with a diamond tip, a rectangular notch measuring 2 mm in
thickness and 10 mm in depth was cut. The Zwick 1455 UTM was employed, which was
outfitted with a QuantumX model data-gathering system. To record load variations, a load
cell with a capacity of 20 kN was employed. Using a stiff semi-cylinder with a constant
displacement of 0.5 mm per min, the load was released at the center of the sample. A rigid
steel profile held the entire system in place to prevent sample distortion during loading,
and two rigid semi-cylinders set 120 mm apart supported the samples. After that, an HBM
WA10 linear variable displacement transformer (LVDT) with a 10 mm stroke was used to
instrument the samples. To measure vertical deformations, LVDT was vertically mounted
on the samples. This three-point bending technique was applied to unnotched samples,
and the average of three replicates was computed. Equation (1)—where P is the applied
load, l is the length between the roller supports, and b and h are the sample’s width and
height—was used to determine the flexural strength in the sample’s center.

Flexural strength (MPa) =
3Pl
2bh2 (1)

2.3. Scanning Electron Microscopy

The UHPFRC samples were cut into multiple pieces using a diamond-tipped precision
saw. They were dried, epoxy-impregnated using a Buehler model vacuum impregnation
system, and left undisturbed for 12 h. The hardened epoxy polymer was polished on
a metal disc at a speed of 300 rpm, followed by polishing again at 150 rpm using three
different polycrystalline diamond sprays (of sizes 9, 3, and 1 µm). The Buehler Metaserv-
250 model polishing machine was used. The fine polished surfaces were then imaged
using SEM at a current of 20 kV with a backscattered-electron mode. Carbon adhesive was
used to mount the hardened epoxy polymer onto the metal stubs that were loaded into the
microscope.

3. Results and Discussion
3.1. Heat of Hydration

Figure 2 shows the results of the isothermal calorimetry test. The cumulative heat
exhibited by the fresh cement pastes modified with 0, 5, 10, and 15% of ECAT was deter-
mined to be 344, 329, 310, and 287 J/g of binder. These pastes were made using a weight
w/b ratio of 0.4 by weight and exhibited an exothermic reaction when water was mixed
with cement. They released the maximum amount of heat at 14 h from the time of mixing.
The addition of 15% ECAT reduced the generation of cumulative heat by 17% at the end of
the experiment. There was a gradual decrease in the development of heat from the cement
mixes due to the increasing dose of ECAT. However, the ECAT additions did not influence
the time at which the maximum amount of heat was released by the fresh mixes. These
findings explain that the inclusion of ECAT reduced the degree of cement hydration but
did not cause any setting delays. Silica fume [41], fly ash [42], and ECAT [43] influenced
the hydration kinetics of the clinker compounds and the formed cement hydrates. Fly
ash and ECAT were used at higher volumes, and their reaction was slower than that of
the clinker compounds. This was reflected in the assemblage of cement components, the
microstructure, and the performance of the cement matrix. They continue to react in the
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long term, which contributes to the development of compressive strength during prolonged
hydration [44]. da Cunha, et al. [45] used thermogravimetry to assess the effect of the size
of ECAT on the degree of the pozzolanic reaction. ECAT particles with a size smaller than
37 µm are able to form a relatively higher amount of Ca(OH)2 in cement-based mixes at
an early stage [45]. In this study, the average size of the ECAT was found to be almost
two times larger than that of the fly ash, but the pozzolanic reaction of the siliceous fly
ash could be relatively slow due to the higher presence of the glassy-phase content. The
reactivity of low-calcium fly ash particles is associated with the rate of dissolution of the
glassy phase and the release of reactive species [46].
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3.2. Performance and Microstructure

The S0E0, S0E5, S0E10, and S0E15 samples do not contain RSF. Figure 3 illustrates
their fresh and hardened properties. There is a gradual decrease in the flow diameter of the
fresh cement-based samples due to the increase in ECAT. The cement flow was reduced
by 17% due to the use of ECAT by up to 15%. The spherical particles were mostly porous,
as more free water was absorbed onto their surfaces than on the cement particles, which
in turn affects the flowability of the cement-based mixes. At the end of 28 days, S0E0 was
found to reach a maximum compressive strength of approximately 155 MPa. The addition
of ECAT reduced this strength gain by up to 17%, which is consistent with the results of the
calorimetry test. Replacement of the cement with ECAT reduced heat developments in the
fresh matrices, indicating that there is a relatively lower formation of cement hydrates that
give compressive strength. Due to the fact that ECAT is an aluminosilicate material derived
from zeolite, it can induce a pozzolanic reaction in combination with silica fume and fly
ash and also generate secondary CSH at later stages. Such reactions would also densify
the microstructure, indicating the improvement in long-term durability. The average
flexural strength of S0E0, S0E5, S0E10, and S0E15 was determined to be 23, 25, 28, and
25 MPa, suggesting that the addition of ECAT improves the flexural capacity of ultrahigh-
performance cement-based matrices at early stages. The flexural strength improved to 22%
due to the replacement of cement with ECAT up to 10%. A higher cement content was
used in the preparation of these mixes, which obviously improved brittleness and limited
the gain in tensile strength. This weak mechanical property can be improved with the
use of ECAT instead of slag, fly ash, and silica fume. The SEM images shown in Figure 4
revealed the microstructure of different cement-based samples at the end of 28 days. The
darker regions are attributed to empty pores and voids, while the grey regions were solid
components. The unhydrated cement grains were relatively brighter than the fly ash, ECAT,
and cement hydrates. Spherical fly ash particles and angular unhydrated cement grains
were observed in the microstructure of S0E0, while the uniform dispersion of spherical
ECAT particles was observed in addition to them in S0E15. The microstructure of these
samples was dense, which is due to the fact that the cementitious materials were able to
effectively fill the pores in the matrix. A minor color change was observed on the periphery
of most fly ash and ECAT particles, indicating that chemical reactions with cement grains
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could have been initiated. Cenospheres are hollow particles in fly ash and were seen in the
microstructure of S0E0.
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(D) digital images revealing the fiber pull-out failure of the tested samples.

The optical image in Figure 5 revealed the cut-section of the UHPFRC sample. Scrap
rubber detached from the surface of the RSF was observed in such a cut-section. The
addition of RSF reduces the fluidity of the fresh cement-based mix, which is evident
in this figure. Steel fibers tend to interlock, in turn affecting mix workability. Biswas,
et al. [47] found that the aspect ratio and quantity of steel fibers greatly influence cement
flow. Figure 6 shows the various properties of the UHPFRC samples. The mean flow
diameter of S1E0, S1E15, S2E0, S2E15, S3E0, and S3E15 was calculated to be 275, 223, 265,
200, 248, and 179 mm. There is a gradual decrease in the flow diameter as a result of the
increase in the dose of RSF and ECAT. Increasing the dose of RSF reduced the cement flow
by 10%. However, the addition of ECAT reduced cement flow by 28% in the presence
of the maximum amount of RSF. The addition of up to 1% RSF to cement-based mixes
has no effect on compressive strength, which can be attributed to the combined effect of
inadequate RSF dispersion and mixture compaction. The average compressive strength of
S1E0, S1E15, S2E0, S2E15, S3E0, and S3E15 was determined to be 152, 130, 166, 144, 187, and
165 MPa. The compressive strength of the cement mixes was found to increase by up to 23%
when the addition of a dose of steel fibers increased from 1% to 3% by volume. The addition
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of ECAT up to 15% by weight reduced this strength gain by up to 12% in the maximum
presence of steel fibers. The flexural property of the UHPFRC is characterized by a residual
strength in the postcracking stage with a substantial enhancement in the toughness of the
cement-based composite. Steel fibers in the cement-based mix prevent and control crack
spread. Figure 6 shows the flexural strength of the UHPFRC samples that were notched
prior to testing. There is a gradual increase in the flexural strength of the UHPFRC samples
when the RSF in them increased from 1% to 3% by volume. The average flexural strength
of the notched samples labeled S1E0, S1E15, S2E0, S2E15, S3E0, and S3E15 was found to
be 5.7, 5.4, 6.4, 12.1, 17.6, and 15.8 MPa. Increasing the ECAT did not affect the flexural
behavior of the UHPFRC containing RSF up to 2%. In contrast, there is a marginal decrease
in the flexural strength of the 3% RSF-reinforced UHPFRC samples with an increasing
amount of ECAT. Cement binds RSF and sand together in the UHPFRC matrix, and its
replacement with pozzolanic materials affected the tensile properties only in the case of a
higher volume of RSF (i.e., 3% by volume). Steel fibers tend to pull out of the binder matrix
under tensile loads, and the addition of higher volumes of RSF demands more cement
in the matrix to avoid weak mechanical performance. Figure 4 shown the microstructure
of a UHPFRC sample where a small gap was observed at the interface between the RSF
and the binder matrix, indicating that the steel fibers tend to pull out under applied loads
(see Figure 4D). The prismatic UHPFRC samples were notched in the center as they were
destroyed by flexure, with a major crack forming through the depth of the sample. The
random distribution and orientation of steel fibers in UHPFRC samples usually complicate
the stress fields of the crack tip [48], and the local tensile strength and fracture toughness
can be seen to be heterogeneous [49]. The UHPFRC samples were found to undergo three
stages, including linear elastic, pseudo-hardening, and softening, which is evident in the
load and deflection curves obtained, as shown in Figure 7. The RSF and the cement-based
matrix underwent elastic behavior in the first stage, with the maximum flexural strength
being achieved in this stage attributed to the matrix strength. In turn, the RSF contributed
very little to the overall flexural behavior. Microcracks appeared near the notch in the
second stage, where the cracking strain of the cement-based matrix was exceeded. As the
load increased, the microcracks merged into a single macrocrack above the notch. Crack
surfaces were bridged with closely spaced RSF. This microcrack slowly widens at this stage,
possibly due to the high strength of RSF and the strong bond between the fibers and the
matrix, leading to a certain level of strain-hardening. This is the main characteristic that
distinguishes UHPFRC from traditional concrete. This pseudo-strain-hardening stage is
the final of the three stages of flexural response. The area under the load versus deflection
curve of the ECAT-based UHPFRC samples was observed to be relatively higher than that
of the plain UHPFRC samples, indicating that the stiffness of the UHPFRC was improved
in the presence of ECAT.
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3.3. Economic and Environmental Impacts

The assessment of the CO2 emissions caused by the created UHP-FRCs used the theo-
retical proposed in Pillai, et al. [51], ISO 14040 [52], and ISO 14044 [53]. Figure 8 provides a
schematic illustration of this framework, which consists of four primary steps: the system’s
scope and restrictions are defined, raw material inventory is gathered, power and fuel
consumption are examined, the influence of raw materials on CO2 emissions and energy
demand is assessed, and various raw material impacts are compared. In order to evaluate
the environmental impact of cement concrete, mechanical and durability aspects are taken
into account. A quality criterion used by the construction industry is the compressive
strength of concrete mixes after 28 days. The environmental effects of the UHPFRC were
assessed using a similar criterion in this study as well. Figure 9 illustrates the various
operations associated with the ground-to-gate process of the developed UHPFRC. The
evaluation of the material life cycle made use of information on the carbon impacts related
to the different stages of the production of concrete, such as the extraction, production,
and transportation of fuel; the extraction and transportation of raw materials needed to
make cement; the extraction and transportation of sand; and the infrastructure needed
for concrete mixing plants and electricity generation. The energy demand, CO2 emis-
sions, transportation used, and material and electricity consumption are also illustrated in
Figure 9. A typical cement plant in the city of Wroclaw in Poland was recognized as the
primary source for obtaining this information. An inventory analysis was also conducted
using statistical information obtained from the EcoInvent database, the Intergovernmen-
tal Panel on Climate Change report, and the United States Environmental Policy Act
(EPA). CO2 emission is evaluated to assess environmental impacts. Pillai, et al. [51] and
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Gettu, et al. [54] listed crucial CO2 conversion factors, which were used in the environmen-
tal impact evaluation of the mixes of UHPC and UHPFRC. Cargo trucks of a total capacity
of 23 MT were used during transportation activities. It was calculated how much fuel they
used. The EcoInvent database, which typically covers direct and indirect emissions linked
to fuel extraction and consumption, vehicle production and maintenance, road building,
etc., was used to evaluate the impact of such usage on quantifying CO2 emissions. The
Construction Laboratory of the Department of Civil Engineering at Wroclaw University
and Cracow University in Poland produced each of the cement mixes indicated in Table 1.
The actual transportation distances measured were 397, 3, 320, 766, 128, and 273 km from
this laboratory facility to the supply sources of Portland cement, fly ash, silica fume, ECAT,
RSF, and river sand. The impact of the concrete mixing plant is taken from the EcoInvent
database. The recent market costs of the raw materials, including cement, silica fume, RSF,
river sand, water, and superplasticizer offered by Polish suppliers, are illustrated in Fig-
ure 8, but there is only transportation cost involved for fly ash and ECAT because they are
solid waste disposed of during the electricity generation and crude oil refining processes.
The CO2 emissions of the cement, silica fume, sand, water, and superplasticizer during their
production and extraction were 0.84, 0.014, 0.0024, 0.00015, and 0.00017 kg·CO2/kg. These
values, reported by Mocharla, et al. [55], were used during the UHPFRC environmental
impact analysis. CO2 emissions from industrial by-products and waste materials, including
fly ash, ECAT, and RSF, were negligible and therefore considered zero in this environmental
impact assessment. The total emissions of CO2 in kg per m3 of these mixes were calculated
using the CO2 conversion factors listed by Pillai, et al. [51]. Figure 8 shows the material cost
and CO2 emitted by the developed UHPFRCs. There is a gradual decrease in these UH-
PFRC parameters with an increasing replacement of cement with ECAT. The cost and CO2
emissions of S0E15 were found to be USD 188 and 585 kg·CO2 eq./m3 of the mi, and were
the lowest among the cement-based mixes that do not contain RSF in them. The addition of
3% RSF to this mix increased the cost by 88%, which was mainly due to the fare involved
to transport the RSF from the mechanical separation plants to the concrete manufacturing
site. However, there is no change in CO2 emissions because steel fibers recovered from
scrap tires were used instead of traditional steel fibers. The cost of S1E0, S2E0, and S3E0
was determined to be 259, 314, and 369 USD/m3 of mix. Sourcing scrap tires and installing
recycling plants locally to recover steel fibers can open a new business market and reduce
economic and environmental impacts. The addition of ECAT in the UHPFRC reduced the
cost and CO2 emissions of the UHPFRC by up to 4% and 15%. The presence of ECAT did
not affect the flexural strength of the 2% RSF-reinforced UHPFRC samples at early stages.
The addition of more RSF increased the mechanical performance of the UHPFRC, but the
cost was significantly increased. The Orlen petrochemical company disposes of around
5515 MT of ECAT annually, according to a 2015 survey [56], and the majority of this waste
is sent to landfills, causing economic losses and serious health risks related to the release
of heavy metal contaminants into the natural environment. The availability of ECAT in
Poland is abundant due to the presence of Orlen-owned crude oil refineries in the Baltic
Sea, and this waste can be effectively valorized by the Polish construction sector to produce
structural concrete mixes for heavy civil infrastructure projects.
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4. Conclusions

In this study, UHPFRC samples containing waste derived from scrap tires and oil
refineries were tested. The ECAT particles were found to have a porous microstructure.
Their additions absorbed free water on their surfaces and thus reduced the flow of fresh
cement mixes by 17%. There is a gradual increase in the compressive and flexural strengths
of the UHPFRC samples with an increasing RSF content, indicating the ability of RSF to
disperse uniformly in concrete matrices. The replacement of cement with ECAT reduced
heat developments by up to 16.5% at the end of the calorimetry test. The compressive
strength of the ultrahigh-performance cement-based mix containing silica fume and fly ash
was determined to be 155 MPa at the end of 28 days. However, this value was reduced by
17% when the cement was replaced with ECAT by up to 15%. There was no significant
change in flexural strength, indicating that the brittleness of the mortar samples was
reduced by a partial replacement of cement with spherical ECAT particles. The addition of
RSF to the ultrahigh-performance cement-based mixes containing silica fume, fly ash, and
ECAT was found to increase compressive strength by 30%. The UHPFRC mixes without
any ECAT achieved compressive and flexural strengths of 187 and 26 MPa at the end of
28 days. The UHPFRC samples with a central notch underwent strain-hardening and
-softening mechanisms in three-point bending conditions. Increasing ECAT additions in
UHPFRC mixes did not affect the flexural behavior of such mixes modified with RSF by up
to 2%. In contrast, there was a marginal decrease in the flexural strength of the 3% RSF-
reinforced UHPFRC samples with an increasing amount of ECAT. Cement binds RSF and
sand together in the UHPFRC matrix, and its replacement with pozzolanic materials only
affected the tensile properties in the case of a higher volume of RSF (i.e., 3% by volume).
The addition of ECAT reduced the cost and CO2 emissions of the UHPFRC mixes by 7%
and 15%, but its additions at higher doses affected the flow and strength gain properties of
the concrete mixes in the early stages. The acquisition of scrap tires and the installation
of recycling plants locally to recover steel fibers can open a new business market and
significantly reduce economic and environmental impacts. These experimental findings
suggest that the development of UHPFRC is feasible on a larger scale with the use of waste
derived from scrap tires and crude oil refineries. Moreover, the extensive application of
this environmentally friendly UHPFRC in bridge deck construction could help achieve the
goal of being carbon neutral.
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