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Cement is the most important component in cementitious grout production,andtt accounts for 7% of global
greenhouse gas emissions. Reducing the amount of cement used in infrastructure and buildings is a desirable
way to lower the total carbon footprint associated with grout production. relatedly, developments in
manufacturing and transportation lead to the production of cars in large numbers, which in turn leads to an
increase in the production of byproduct waste like waste tires, which are thrown away directly without
recycling. Thus, this study aims to develop a novel sustainable grout by recycling paper sludge ash waste
(PSA) and waste steel fiber (WSF) as partial cement replacements. This will help reduce grout production
costs, minimize environmental pollution during cement production, and enhance landfill and waste
management. The Grout mixtures used in this paper were prepared using ordinary Portland cement (OPC),
WSF extracted from vehicle tires, PSA, and water. Different proportions of WSF(0, 1, 2, 3%) and PSA(5,
10%) were used in the weight of cement in designing sustainable grout. The mechanical properties of the
sustainable grout were evaluated by examining extensive tests including flow tables, compressive strength,
and flexural strength. The results showed that partially replacing the cement with 3% WSF and 1% WSP
with 5% PSA resulted in a significant improvement in workability ,as well as a clear increase in compressive

and flexural strength at an early age compared to the reference mixture.

© 2024 University of Al-Qadisiyah. All rights reserved.

1. Introduction

Improvements in technology have a substantial impact on economic growth
and the development of many economic sectors, notably industrial ones [1,
2]. However, this improvement has resulted in an increase in environmental
contamination rates and the development of new environmental concerns
on a global scale [3]. Technological progress can accelerate the exploitation
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of natural resources such as minerals, fuels, and water [4]. Unsustainable
resource extraction practices can lead to resource depletion, habitat
destruction, and ecosystem loss, further exacerbating environmental
challenges[5]. Consequently, governments and international health
organizations have heightened their focus on addressing these

2411-7773/© 2024 University of Al-Qadisiyah. All rights reserved. |@ @ This work is licensed under a Creative Commons Attribution 4.0 International License.


http://qu.edu.iq/
https://qjes.qu.edu.iq/
https://doi.org/10.30772/qjes.2024.149787.1239
https://doi.org/10.30772/qjes.2024.149787.1239
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1566-5983
https://orcid.org/0000-0002-4545-5450
https://orcid.org/0009-0003-6351-0745
https://orcid.org/0000-0001-8768-4975

136 BASIM AL-HUMEIDAWI ET AL./AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 17 (2024) 135-147

environmental issues[6]. The demand for cement in various building and
road construction projects has increased in recent years. A ton of Portland
cement requires approximately 2.8 tons of natural resources, fuel, and other
components. Cement manufacturers account for 8% of worldwide carbon
dioxide emissions, with 40% coming from fuel burning and the rest from
the limestone calcination process [7, 8]. Smoke from cement factories emits
a large amount of carbon dioxide into the environment. It enters the
atmosphere and forms granules that hinder sunlight from reaching the
ground, resulting in forest fires and global warming[9]. Cement production
accounts for almost seven percent of global greenhouse gas
emissions[10].In order to reduce carbon dioxide emissions and
environmental pollution, the world is currently moving toward using
sustainable materials produced by industries or trash as renewable,
accessible, and low-cost resources to partially replace cement. [11, 12].
Cement plays a very important role in grouting techniques, as it constitutes
80-90% of the components of injection materials. In spite of that, the
grouting process is a common technique in many fields of civil engineering,
such as construction, infrastructure repair, soil stabilization, crack filling,
and soil improvement, especially dam foundations, but it has recently been
used to fill the voids in porous asphalt pavement [13]. Cement plays a vital
role in grout performance. Typically, a grouting process uses ordinary
Portland cement (OPC) as a conventional grout material. However,
researchers have investigated a variety of alternative materials to partially
or completely replace OPC as grout. In the majority of cases, the
replacement aims to reduce the cost of pavement construction and/or
produce sustainable grout materials by recycling waste materials, which
reduces emissions from the cement industry and reduces the cost of its
demand [14, 15]. Many different types of building and ground improvement
operations have long used grout. However, the composition, durability, and
environmental effects of traditional grouts are often in need of
improvement. Recently, there has been a growing focus on investigating
more sustainable and eco-friendly alternatives[16].

2. Literature Review

Sustainability is the foundation of today's world of engineering. It can be
described as using natural or by-product materials without influencing the
future generation's demand, so using waste instead of Portland cement
contributes to reducing environmental pollution[17]. Thus, in the last
decade, road agencies, corporations, governments, and research institutes
have given more attention to sustainability. Studies should typically
concentrate on three components: economic advantages, social growth, and
environmental conservation in the case of constructing sustainable
pavement [18] A sustainable pavement (see Figure1-b) can be described as
a safe, effective, ecosystem-healthy, open-space, and environmentally
friendly pavement that meets essential needs efficiently uses resources and
preserves or restores ecosystems [19].

Cement is a significant contributor to environmental pollution. There are
several cement plants in Iraq, including Basra, Kufa, Muthanna, Kirkuk,
Babel, and Karbala. The rise in demand for cement plants leads to elevated
levels of CO, emissions, which disperse in the atmosphere as particles,
obstructing sunlight and contributing to global warming [20]. Using waste
material as a partial replacement for cement in the grouting technology that
has been applied to civil engineering applications is beneficial and
environmentally friendly and can contribute to minimizing global warming
and reducing the cost of cement[21].

Bibliometrics, or analytical, is the study of collections of connected
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materials, such as scientific literature. It provides well-established
methodologies for assessing and showing links between research subjects,
individuals, affiliations, or periodicals [22]. Numerous applications are
compatible with the bibliometric approach, including Histcite, CiteSpace,
Bib Excel, Vos Viewer, Pajek, and Gephi. This research created
bibliometric and visual maps using a VOS viewer. Bibliometric network
research is the primary use case for this program's single-architecture
clustering and mapping capabilities. Network visualizations, density
visualization tools, and overlay visualizations are the three types of
visualizations that VOS viewers can generate [23]. Keywords co-
occurrence analysis, which employs brief and visual maps, is among the
most helpful ways to demonstrate the evolution of scientific topics and
patterns [24]. The agreed-upon rules reveal the most crucial part of the
picture: the maximum number of people: where each limitation represents
an item. The Web of Science has more than 1000 keywords related to
grouting materials. Previous studies and research (Figure 2) have
commonly used the following keywords: compressive strength,
cementitious grout, concrete, mechanical features, grout application,
cement slurry, water absorption, durability, workability, and curing
conditions. The combined author keywords, which span twelve cluster
networks and amount to thirty items, are shown in Figures 3 and 4. As the
number of nodes grows, it becomes clear how much weight keywords have
in online searches. The most important studies relating to the design of
cementitious grout can be found at these nodes; they include topics such as
recycling, steel fiber, paper sludge ash, industrial waste, sustainability,
cement replacement, strength development, and Portland cement. The
identified
"compressive strength " as the most crucial term. Furthermore, it seemed to

research "supplementary  cementitious materials" or
have the longest chain and the most links when compared to other words.
From most strongly bound to least, each distinct color represents a different
sentence [25].

This analysis is used as an effective and useful tool in obtaining the most
important related keywords in the current study and thus obtaining most of
the previous studies related to the research topic. Similar to the combination
and link visualizations, the item intensity visualization displays items
according to their identifiers. In the item intensity depiction, the color at
each position represents the item's strength. In the item intensity
visualization, each location's color indicates the item's strength. Standard
color schemes consist of blue, green, and yellow. Points tend to resemble
yellow more in hue as their block size increases and the weights of the
things blocking them increase. Not only is the opposite true, but it also
holds that a point with fewer objects and lower object weights is one whose
hue is closest to blue. A test helps visualize item strength[26-28]. Figure 5
displays the density visualization map of the (co-occurrences) in yellow
color. Some of the most concentrated keywords and phrases with strong
correlations include supplementary cementitious materials, compressive
strength, and sustainability The researcher may find a diverse range of
published papers using each of these keywords. The most common
keywords are represented by large nodes, and the distance between them is
depicted by a line since several keywords are used in the same search.
Researchers have conducted numerous studies to develop sustainable grout
materials. Most of these studies were devoted to reusing waste materials or
by-product materials to replace the OPC as conventional grout
material. Several waste materials were used to produce gout material, such
as glass waste powder (GWP) [29], ceramic waste powder (CWP) [30],
silica fume (SF), palm frond waste ash (PFWA)[31], and grout containing
regular waste polyethylene terephthalate (PET) [32], etc.
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The use of recycled paper as an input in the production of paper goods is
on the rise around the globe. The papermaking process produces a
substantial quantity of trash throughout the deinking and water treatment
phases. Recent UK figures indicate an annual production of 4.5 million tons
of paper, with 73% of the fiber originating from recovered paper. Different
kinds of paper use this material [33]. One kind of pulp and paper industry
waste known as paper sludge ash (PSA) is problematic from an economic
and environmental perspective. However, researchers have recently
investigated its possibilities as a sustainable and environmentally friendly
material for various technological uses [34, 35]. Paper sludge ash was used
in pavement design, construction, and concrete structures as a
supplementary cementitious material. In concrete structures, wastepaper
sludge ash (PSA) was a supplementary cement material to partially replace
OPC [36]. The results showed that the use of PSA can lead to concrete
performing better, in addition to being considered solid waste
management. Devi et al.[37] investigated the use of PSA as a partial
cement substitute in concrete. The researchers examined the impact of
incorporating varying percentages of PSA (2.5%, 5%, and 7.5 % PSA) by
weight of cement in concrete. The researchers conducted extensive tests to
measure behavior, such as compressive strength, split tensile strength, and
flexural strength, at 28 days of curing. The results of their study showed
that the strength increased with the addition of PSA, up to 5 % of the
replacement cement. On the other hand, waste rubber tires from vehicles
are one of the most important environmental risks around the world.
Hunyak et al. [38] investigated the effect of using wastepaper sludge ash
(PSA) as a partial replacement for cement at 5% and 10% in concrete
production. The study's findings show that adding PSA as an extra
cementitious material makes the concrete stronger in flexural strength and
creates a denser microstructure. The study's findings concluded that using
PSA may be a more environmentally friendly option than using
conventional cement.

Waste paper sludge ash shows promise as a valuable resource in the
construction industry, particularly for producing concrete, bricks, mortar,
soil stabilizers, concrete pavements, and controlled low-strength
materials[39]. Due to increased vehicle production, there is a need for
proper disposal of large quantities of used rubber tires [40]. Therefore,
researchers are exploring the potential applications of used tire rubber in
construction technology.

Zia et al. [41] examined the usability of using a high dosage of steel fiber
recovered from waste tire (WSF) in concrete. The researchers examined the
impact of incorporating varying percentages of WSF (1% to 1.75% WSF)
by weight of cement in concrete. The results of their study showed that
adding WSF with a high content improves split tensile strength by 10% and
flexural strength by 4%, as well as a 15% reduction in linear shrinkage in
all of these percentages compared to normal concrete. Their study
concluded that using WSF provides a sustainable solution to reduce the cost
of cement and enhance the sustainability of construction and paving
materials as an environmentally friendly option by reducing landfills.
Firdawok et al. (2023) [42] used recycled steel fibers extracted from old
vehicle tires (1, 1.5, 2, 2.5, and 3%) as a partial replacement of cement in
reinforced concrete used in rigid pavement.

The study's findings revealed that 1.5% of steel fibers had a maximum
compressive strength of 43.85 MPa compared to the reference mixture.
While 3% of steel fibers had a maximum tensile strength of 4.75 MPa, the
results of their study recommended the use of recycled steel fibers because
they improve resistance to compressive, tensile, and flexural strength, as
well as being a promising option for developing sustainable pavements.
Based on available literature very limited studies investigate the effect of
recycled paper sludge ash and waste fiber in modifying conventional grout.
Therefore, this study aims to develop a sustainable cementitious grout
material using recycled paper sludge ash and waste fiber as a partial
replacement for cement.
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Therefore, recycling this waste reduces the need for cement and its cost,
provides an effective and vital option for disposal of this waste, helps in
developing paving properties, and provides a sustainable solution to
preserve the environment by reducing landfills for this waste. The cement
grout specimens underwent comprehensive analysis to assess their physical
and mechanical properties. Through rigorous testing, the optimal
compositions of grouts were identified and refined. This examination aimed
to measure the effectiveness and durability of the modified sustainable

cement grouts in comparison to conventional cement-based grouts.
3. Research Methodology

To achieve the main aim of this research, the methodology involves
developing grout mixtures through three phases. The flowchart in Figure 6
displays the research methodology, which involves the following stages:

1. The series I consists of four mixtures, comprising a control cement mix
in addition to cement and waste steel fibers (WSF) with different
proportions.

2. The Series II is to replace ordinary Portland cement (OPC) with
supplementary cementitious materials of paper sludge ash (PSA) by 5%
and 10%.

3. The Series III consists of the optimum proportion of waste steel fiber
extracted from the first phase with cement and 5% and 10% of paper
sludge ash.

4. The W/B ratio is constant at all phases and for all mixtures by 0.4%.

4. Raw Materials

Locally available cement was used in this research, while WSF and PSA
were prepared in the laboratory. The materials included in the design of the
grout materials are summarized as follows:

Commercial OPC CEM 1 42.5R compatible with the Iraqi Standard No:
5/2019 [43] type I, which is used as a binder in all mixtures, is supplied by
Saman Cement Factory. PSA is available in large quantities in the
environment and thus it should be recycled to be used in various
construction applications and reduce the accumulation of their size in the
environment [44, 45].

At first, large quantities of paper were collected and burned in an open place
at a temperature ranging from 350-450 °C as a primary burning to reduce
its size, expel the oxides, and turn it into ash. The second stage is to burn
the ashes in an electric furnace at a temperature of 800 °C for two hours
[46]. The final stage is to grind the ash by a mill for thirty minutes to turn
it into fine materials. The surface area specified using the Blaine method as
per ASTM C204-11 [47] of OPC and PSA was 339 m¥kg and 1517 m%kg,
respectively. The bulk density of OPC was 2.74 g/cm® and PSA was 2.63
g/cm’. The chemical properties of the OPC and PSA, clarify the main
components as oxides specified by XRF appear in Table 1. WSF was
prepared by collecting waste tires of damaged vehicles, then the fibers were
extracted by machines. The fibers are cut to a length of 10 mm, with a
diameter of 1 mm, and a density of 7700 kg/m°®. Figure 7 displays the raw
materials of sustainable cement-based grout.

Design of Grout
Materials

' :

 » v

Cement I ’ Steel Fibers Paper Sludge Ash Water
Experimental Program
I
L 4 v h 4
series I I series I1 | series I1T
. I , | _ |
' v y ' ' ! v .3
100% 0% 123% 95.90% | | 5.10% 0% 95.90%| | 5.10% | i 1%
OF[’C PSA Wi‘SF OPC PSA WSF OPC PSA W|SF
L l ! |
Test of Grout Materials
|
| . !
v y v 4
Compressive Flexural Flow Bulk
Strength Strength Table Density

Figure 6. The flowchart presents the methodology of the current investigation.
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While the series 111 adds the optimum percentage of WSF at 1% by volume
with different proportions of PSA replacing 5% and 10% by weight with
cement. The mixture grout proportions are described in Table 2. The dry
materials represented by PSA were blended with OPC to the point of
homogeneity, then these materials were added with water and blended in a
mechanical mixer for 120 seconds according to ASTM C305-14 [48]. After
the completion of mixing the dry materials with water, the WSF is gradually
added to the homogeneous mixture and mixed well for a short period until

homogeneity. After preparing the fresh grout sample, it is tested for
flowability by the flow table according to the ASTM C230-14 [49].Then
the fresh grout dough is poured into standard cubes with dimensions of 50
x 50 x 50 mm?® according to the ASTM C109-13 [50] for measuring the
compressive strength at ages 7 and 28 days. In addition, the fresh grout is
also poured into prisms with dimensions of 40x40 x 160 mm? according to
the ASTM C348-14 [51] for measuring flexural strength at ages 7 and 28
days. After 24 hours of pouring grout into the molds, the molds are opened

and the specimens are placed in the water basin until the required test day

. . Fi 8). Th thods of testing in th t stud; h in Fi
Figure 7. components of sustainable grout material: (a) water, (b) cement, (Figure 8). The methods of testing in the current study are shown in Figure

(c) paper sludge ash, and (c) waste tire steel fiber 9.
Table 1. The chemical characteristics of OPC and PSA

5. Proportions of Grout Mixtures Oxides, % OPC PSA
. . . SiO, 21.52 18.32

Grout materials samples used for mechanical characteristics measurement
were prepared with a constant water-to-binder ratio of about 0.4%. Series 1 AlLO; 04.39 1116
of designing the grout was by adding WSF to the mixture by 1%, 2%, and Fe 05 03.11 00.28
3% by volume. Series II is the addition of PSA in different proportions of CaO 62.14 57.24
cement 5% and 10% by weight. MgO 03.42 03.05
SO; 02.31 00.58
K0 00.51 00.41
Na203 00.20 00.16

b o o o e e e e e e e e e e e e e e e e

Figure 8. The cementitious grout preparation
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Table 2. Components of grout mixtures

Sample . OPC PSA WSF Water

(gm)  (gm) (gm) (gm)
C 3700 000 000.0 1480
IWSF 3700 000 142.5 1480
2WSF : 3700 000 284.9 1480
3WSF 3700 000 427.4 1480
SPSA 3515 185 000.0 1480
10PSA ! 3330 370 000.0 1480
IWSF5PSA 3515 185 142.5 1480
1WSF10PSA . 3330 370 142.5 1480

Figure 9. Methods of testing: (a) flow table device, (b) compressive

strength device, (c) flexural strength device
6. Results and discussion
6.1. Flowability and bulk density

The flowability of the grouts was measured by examining the flow table for
all mixtures. Figure 10 shows the flowability results of the grout mixtures.
The fluidity of the control mix that contains only cement is 24.8 cm, and
the W/B ratio is 0.4%, but this fluidity decreases or increases according to
the type of additives. When entering the proportion of WSF 1%, 2%, and
3% by volume, a decrease in the flowability of the grout appears at 23.1,
21.3, and 20.5 cm compared to the control mix. As the percentage of fibers
increases, the flowability of the grout decreases [52, 53]. The reason for this
is that the WSF was randomly distributed in the grout mixtures and acted
as a skeleton, thus hindering the flow of the grout [54]. On the other hand,
when replacing the OPC with PSA in proportions of 5% and 10% by
weight, a decrease in the flow of the grouts is noticed. This is due to the
surface area of PSA of 1517 m2/kg compared to OPC of 339 m2/kg. The
greater the surface area, the greater its ability to absorb water, and thus the

decrease in the flow of the grouts [45, 55]. When WSF and PSA are inserted
together with cement, the flowability of the grouts is significantly reduced
compared to the control mix and for the same reasons mentioned.

The bulk density results of the grouts, it is shown in Figure 11. Through the
results, it is clear that the bulk density increases with age, due to the
continuation of the process of hydration of cement with water to complete
the required reaction. When adding WSF with cement leads to an increase
in density compared to the control mix because the density of WSF is higher
than cement. But when PSA is introduced with cement, it leads to a decrease
in density compared to the control mix because the density of PSA is less
than cement. When adding WSF with PSA combined with cement, the
density increases by a small amount compared to the control mix because
PSA contributes to a decrease in density, unlike WSF.

6.2. Compressive strength

The compressive strength properties of sustainable grout cubes of
dimensions 50 x 50 x 50 mm3 and for ages 7 to 28 days were investigated,
with three samples for each age. Figure 12 shows the compressive strength
results of the control mix as well as mixtures containing different
proportions of WSF and PSA. From the results shown below, it is evident
that the compressive strength increases with age because the cement needs
time to complete the hydration process and thus gives the required strength
[56]. The results also showed that the compressive strength of 1WSF,
2WSEF, and 3WSF mixtures is higher than the control mix for all ages. The
reason is that when adding WSF to the cement will reduce the cracks that
occur in the grout by binding the fibers to the cement paste [57].

It also binds the cement components through the pozzolanic reaction at an
early age, producing large quantities of calcium silicate hydrate (C-S-H)
gel, which is responsible for enhancing strength at an early age. Then, it
binds the cement components, condensing the microstructure until the grout
reaches its maximum resistance at the age of 28 days, thereby forming a
high-performance structure that can withstand heavy loads. The increase in
compressive strength at 7 days for mixtures 1 WSF, 2WSF, and 3WSF was
20.89%, 12.29%, and 5.29%, respectively, while it was 8.86%, 6.22%, and
3% at 28 days. On the other hand, the compressive strength gradually
decreases for mixtures SPSA and 10PSA compared to the control mix. As
the PSA affects the cement hydration process, its negative effect is reflected
in the strength [58]. The reduction percentage at 7 days for the mixtures
SPSA and 1 PSA was 2.60% and 7.48%, respectively, while at 28 days it
was 18.43% and 25.19%. But when 1% of WSF was introduced with PSA
represented by mixtures 1WSFSPSA and 1WSF10PSA, a clear
improvement in compressive strength is observed compared to mixtures
that contain only PSA, but the strength remains less than the control mix.

6.3. Flexural Strength

Figure 13 shows the results of the flexural strength of the control mix and
mixtures containing different percentages of PSA and WSF. These results
were obtained through grouting prisms with dimensions (160 x 40 x 40 mm)
for ages 7 and 28 days, with three samples for each age. From the results,
it is clear that the flexural strength increases with an increase in the
percentage of WSF for the mixtures 1 WSF, 2WSF, and 3WSF compared to
the control mixture because the WSF works to restrict the cracks that occur
in the grout materials [59, 60].
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Figure 14. The broken prism specimens after the test

The increase in flexural strength at 7 days was 37.46%, 21.89%, and
98.09%, respectively, while at 28 days it was 12.50%, 23.96%, and 44.96%,
respectively. Furthermore, the flexural strength gradually decreases for the
SPSA and 10PSA mixtures that contain paper ash as a partial replacement
for cement compared to the control mixture [61]. The percentage of decline
at 7 days was 11.75% and 35.56%, while at 28 days it was 25.52% and
33.16%. When 1% of WSF was added with 5% of PSA, an increase in
flexural strength of 10.16% and 2.95% was observed at the ages of 7 and
28 days, respectively, compared to the control mixture. However, when 1%
of WSF was introduced with 10% of PSA, a decrease in flexural strength
was noticed compared to the control mixture. Figure 14 shows the broken
prisms of the grout mixtures after the test

7. Conclusions

This research attempts to prove the feasibility of preserving the
environment by using recycling industrial waste and waste extracted from
car tires as effective supplementary cementitious materials, that can be used
in grouting for various civil engineering applications. Extensive laboratory
tests were conducted, including mechanical and functional tests such as
flow table, compressive strength, and flexural strength, to evaluate the
characteristics and behavior of modified grout specimens with waste
materials compared with conventional grout. The significant results
obtained from conducting these tests are presented in the following points:

o Introducing WSF or PSA with cement leads to a decrease in the fluidity
of the grouts. The mixture containing 3 % WSF, 10 % PSA, and 1 WSF
and 10 PSA shows a decrease in flowability compared to the control
mixture.

e Adding WSF with cement improves the bulk density compared to the
reference mixture, unlike the addition of PSA which reduces it due to the
uniform distribution of WSF within the mixture’s texture of cementitious
grout material. Combining WSF and PSAs with cement results in a slight
increase in bulk density.

Partially replacing cement with WSF raises the compressive strength at all

replacement ratios. For example, the mixture with 1% WSF showed a rise

0f20.89% at 7 days and 8.86% at 28 days compared to the control mixture

Mixture.

QUES

Sinco 2008

This is due to WSF's superior ability to bind the cement paste fibers and
increase the hydration compounds, as well as the formation of CSH gel,
which is responsible for increasing resistance. Replacing cement with PSA
results in a decrease in compressive strength. However, combining WSF
with PSA leads to an improvement in compressive strength, although it still
falls short of the reference mixture's values.

o Flexural strength results showed similar compressive strength behavior
for mixtures containing WSF. Mixtures with 1%, 2%, and 3% WSF
replacement recorded increases of 37.5%, 21.9%, and 98.1% at 7 days
of curing, and 12.5% a, 23.7%, %, and 44.9% at the age of 28 days,
respectively. While mixtures containing PSA recorded a clear decrease
in flexural strength. As for the mixture of PSA and WSF, the mixture
containing 1% WSF with 5% PSA witnessed an increase of 10.2% and
2.9% at the age of 7 days and 8%, respectively, compared to the
reference mixture.

e Mixing WSF and PSA with cement contributes to a slight improvement
in the mechanical properties of cement grout.

e Based on all the tests in this study, it was found that the mixture
containing 3% WSF and the mixture containing 1% WSF with 5% PSA
are the optimal proportions for replacement, as they gave a clear
improvement in workability, apparent bulk density, resistance to
compression and flexural, and thus formed a strong cementitious grout
skeleton that could withstand applied loads and prevent crack formation.

e It is recommended to use recycled industrial waste (such as waste steel
fiber) in construction to improve its performance, reduce the demand for
conventional resources, and reduce its harmful effects on the
environment.

Authors’ contribution
All authors contributed equally to the preparation of this article.

Declaration of competing interest
The authors declare no conflicts of interest.

Funding source
This study didn’t receive any specific funds.



146 BASIM AL-HUMEIDAWI ET AL./AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 17 (2024) 135-147

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments

This work was done at the Southern Technical University/ Nasiriyah
Technical Institute/ Civil Technologies Department. The authors are
thankful to Al-Humeidawi Lab and Asphalt Lab located in Al-Diwaniyah,
Iraq for providing laboratory support to complete this study.

REFERENCES

[1] Al-Hadidy, A., Sustainable recycling of sulfur waste through utilization in
asphalt paving applications. International Journal of Pavement Research
and Technology, 2023. 16(2): p. 474-486. https://doi.org/10.1007/s42947-
021-00143-w

[2] Al R. I, H. Al-Humeidawi, B. 'A scientometric study and a bibliometric
review of the literature on the design and construction of semi-flexible
pavement', Al-Qadisiyah Journal for Engineering Sciences, 16(2), pp. 82-
91..2023. https://doi.org/10.30772/qjes.v16i2.921

[3] Saleh, H.M. and S.B. Eskander, Innovative cement-based materials for
environmental protection and restoration, in New materials in civil
engineering. 2020, Elsevier. p. 613-641. Doi:0.1016/B978-0-12-818961-
0.00018-1

[4] Ahmad, M., et al., The dynamic impact of natural resources, technological
innovations and economic growth on ecological footprint: an advanced
panel data estimation. Resources Policy, 2020. 69: p. 101817.
https://doi.org/10.1016/j.resourpol.2020.101817

[5] Al-Nawasir, R.I. and B.H. Al-Humeidawi, Qualitative Evaluation for
Asphalt Binder Modified with SBS Polymer. Tikrit Journal of Engineering
Sciences, 2023. 30(4): p. 88-101. https://orcid.org/0000-0002-1566-5983

[6] Acheampong, A.O. and E.E.O. Opoku, Environmental degradation and
economic growth: Investigating linkages and potential pathways. Energy
Economics, 2023. 123: p. 106734.
https://doi.org/10.1016/j.eneco.2023.106734

[7] Van Oss, H.G. and A.C. Padovani, Cement manufacture and the
environment: part I: chemistry and technology. Journal of Industrial
Ecology, 2002. 6(1): p. 89-105.
https://doi.org/10.1162/108819802320971650

[8] Dunuweera, S. and R. Rajapakse, Cement types, composition, uses and
advantages of nanocement, environmental impact on cement production,
and possible solutions. Advances in Materials Science and Engineering,
2018.2018: p. 1-11. https://doi.org/10.1155/2018/4158682

[91 Al-Atroush, M.E., et al., Structural performance assessment of geothermal
asphalt pavements: a comparative experimental study. Sustainability, 2022.
14(19): p. 12855. https://doi.org/10.3390/sul41912855

[10]Naik, T.R., Sustainability of the cement and concrete industries, in
Sustainable construction materials and technologies. 2020, CRC Press. p.
19-25.

[11]Khan, M.L, Nanosilica/silica fume, in Waste and Supplementary
Cementitious Materials in Concrete. 2018. p. 461-491.
https://doi.org/10.1016/B978-0-08-102156-9.00014-6

[12] Al-Qadami, E.H.H., Z. Mustaffa, and M.E. Al-Atroush, Evaluation of the
pavement geothermal energy harvesting technologies towards sustainability
and renewable energy. Energies, 2022. 15(3): p. 1201.
https://doi.org/10.3390/en15031201

[13]Da Rocha Gomes, S., et al., A comprehensive review of cementitious
grouts: Composition, properties, requirements and advanced performance.
Construction and Building Materials, 2023. 375: p. 130991.
https://doi.org/10.1016/j.conbuildmat.2023.130991

[14] Afonso, M.L., et al., Development of a semi-flexible heavy duty pavement
surfacing incorporating recycled and waste aggregates—Preliminary study.

&gﬁ&é"zbﬁé

-

(QJES)

Construction and Building Materials, 2016. 102: p. 155-161.
https://doi.org/10.1016/j.conbuildmat.2015.10.165

[15]Milad, A., et al., Utilisation of waste-based geopolymer in asphalt pavement
modification and construction—A review. Sustainability, 2021. 13(6): p.
3330. https://doi.org/10.3390/su13063330

[16]Naskar, J., A.K. Jha, and T. Singh, A Comprehensive Review of Grouts:
Unraveling Biogrout Technologies for Environmental Sustainability and
Limitations. Journal of Hazardous, Toxic, and Radioactive Waste, 2024.
28(3): p. 03124001. https://doi.org/10.1061/JHTRBP.HZENG-131

[17] Garetti, M. and M. Taisch, Sustainable manufacturing: trends and research
challenges. Production planning & control, 2012. 23(2-3): p. 83-104.
https://doi.org/10.1080/09537287.2011.591619

[18]Pouranian, M.R. and M. Shishehbor, Sustainability assessment of green
asphalt mixtures: A review. Environments, 2019. 6(6): p. 73.
https://doi.org/10.3390/environments6060073

[19]Mashaan, N.S., et al., A review on using crumb rubber in reinforcement of
asphalt pavement. The Scientific World Journal, 2014.
https://doi.org/10.1155/2014/214612

[20]Hasanbeigi, A., L. Price, and E. Lin, Emerging energy-efficiency and CO2
emission-reduction technologies for cement and concrete production: A
technical review. Renewable and Sustainable Energy Reviews, 2012. 16(8):
p. 6220-6238. https://doi.org/10.1016/j.rser.2012.07.019

[21] Althoey, F., et al., Advancements in low-carbon concrete as a construction
material for the sustainable built environment. Developments in the Built
Environment, 2023: p. 100284. https://doi.org/10.1016/j.dibe.2023.100284

[22]Palmblad, M., N.J. van Eck, and J. Bergquist, Capillary electrophoresis-A
bibliometric analysis. TrAC Trends in Analytical Chemistry, 2022: p.
116899. https://doi.org/10.1016/j.trac.2022.116899

[23] Alnedawi, A., et al., Integrated and holistic knowledge map of resilient
modulus studies for pavement materials: A scientometric analysis and
bibliometric review of research frontiers and prospects. Transportation
Geotechnics, 2021: p. 100711. https://doi.org/10.1016/j.trge0.2021.100711

[24]Fang, Y., J. Yin, and B. Wu, Climate change and tourism: A scientometric
analysis using CiteSpace. Journal of Sustainable Tourism, 2018. 26(1): p.
108-126. https://doi.org/10.1080/09669582.2017.1329310

[25] Yousafzai, A K., et al. A Scientometric Analysis of Electrically Conductive
Asphalt Concrete Technology. in 2024 ASU International Conference in
Emerging Technologies for Sustainability and Intelligent Systems
(ICETSIS). 2024. IEEE.
https://doi.org/10.1109/ICETSIS61505.2024.10459656

[26] Chorozidis, G., et al., Knowledge and research mapping of the data and
database forensics domains: A bibliometric analysis. Information and
Software Technology, 2024: p. 107472.
https://doi.org/10.1016/j.infs0f.2024.107472

[27]Oktavio, A. and I. Harsono, A Bibliometric Exploration of Creative
Industry: Trends, Influential Authors, Research Themes, and Emerging
Concepts. 2024. https://dspace.uc.ac.id/handle/123456789/7259

[28]Dragovi¢, B., et al., A comprehensive bibliometric analysis and assessment
of high-impact research on the berth allocation problem. Ocean
Engineering, 2024. 300: p. 117163.
https://doi.org/10.1016/j.0oceaneng.2024.117163

[29]Yin, W, et al., Utilization of waste glass powder as partial replacement of
cement for the cementitious grouts with superplasticizer and viscosity
modifying agent binary mixtures: Rheological and mechanical
performances. Construction and Building Materials, 2021. 286: p. 122953.
https://doi.org/10.1016/j.conbuildmat.2021.122953

[30] Al-Nawasir, R.I. and B.H. Al-Humeidawi. Efficient use of ceramic waste
powder in Cementitious Grout for the Development of Sustainable Semi-
Flexible Pavement Surfaces. in IOP Conference Series: Earth and
Environmental Science. 2023. IOP Publishing .doi:10.1088/1755-
1315/1232/1/012039

[31] Albusaisi, K.M., S.F. Al-Busaltan, and M.A. Kadhim. Characterizing the
Mechanical Properties of Sustainable Modified Cementitious Grout for
Semi-Flexible Mixture. in IOP Conference Series: Earth and Environmental
Science. 2021. IOP Publishing. Doi:10.1088/1755-1315/856/1/012047

[32]Khan, M.1., et al., Investigating the mechanical properties and fuel spillage


https://doi.org/10.1007/s42947-021-00143-w
https://doi.org/10.1007/s42947-021-00143-w
https://doi.org/10.30772/qjes.v16i2.921
https://doi.org/10.1016/j.resourpol.2020.101817
https://orcid.org/0000-0002-1566-5983
https://doi.org/10.1016/j.eneco.2023.106734
https://doi.org/10.1162/108819802320971650
https://doi.org/10.1155/2018/4158682
https://doi.org/10.3390/su141912855
https://doi.org/10.1016/B978-0-08-102156-9.00014-6
https://doi.org/10.3390/en15031201
https://doi.org/10.1016/j.conbuildmat.2023.130991
https://doi.org/10.1016/j.conbuildmat.2015.10.165
https://doi.org/10.3390/su13063330
https://doi.org/10.1061/JHTRBP.HZENG-131
https://doi.org/10.1080/09537287.2011.591619
https://doi.org/10.3390/environments6060073
https://doi.org/10.1155/2014/214612
https://doi.org/10.1016/j.rser.2012.07.019
https://doi.org/10.1016/j.dibe.2023.100284
https://doi.org/10.1016/j.trac.2022.116899
https://doi.org/10.1016/j.trgeo.2021.100711
https://doi.org/10.1080/09669582.2017.1329310
https://doi.org/10.1109/ICETSIS61505.2024.10459656
https://doi.org/10.1016/j.infsof.2024.107472
https://dspace.uc.ac.id/handle/123456789/7259
https://doi.org/10.1016/j.oceaneng.2024.117163
https://doi.org/10.1016/j.conbuildmat.2021.122953

BASIM AL-HUMEIDAWI ET AL. /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 17 (2024) 1-147 147

resistance of semi-flexible pavement surfacing containing irradiated waste
PET based grouts. Construction and Building Materials, 2021. 304: p.
124641. Doi:10.1088/1755-1315/856/1/012047

[33] Spathi, C., Vandeperre, L.J. and Cheeseman, C.R., 2015. Production of
lightweight fillers from waste glass and paper sludge ash. Waste and
biomass valorization, 6, pp.875-881. https://doi.org/10.1007/s12649-015-
9370-7

[34]Jwaida, Z., et al., Recycling and utilization of paper sludge ash-current
status review and future perspectives. Sustainable Materials and
Technologies, 2024: p. €00960.

https://doi.org/10.1016/j.susmat.2024.e00960

[35]Khan, M.N., et al., Exploring waste marble dust as an additive in
cementitious grouts for semi-flexible pavement applications: Analysis and
optimization using RSM. Construction and Building Materials, 2024. 411:
p- 134554 https://doi.org/10.1016/j.conbuildmat.2023.134554

[36] Mavroulidou, M., B. Feruku, and G. Boulouki, Properties of structural
concrete with high-strength cement mixes containing waste paper sludge
ash. Journal of Material Cycles and Waste Management, 2022. 24(4): p.
1317-1332. 1317-1332 (2022). https://doi.org/10.1007/s10163-022-01402-
z

[37]Devi, P.K., et al., Effective utilization of waste paper sludge ash as a
supplementary material for cement. Materials Today: Proceedings, 2023.
https://doi.org/10.1016/j.jobe.2023.107893

[38] Hunyak, O., et al. Valorization of wastepaper sludge ash as a supplementary
cementitious material in concrete. in International Scientific Conference
EcoComfort and Current Issues of Civil Engineering. 2022. Springer.
https://doi.org/10.1007/978-3-031-14141-6 10

[39] Azrizal, M., et al. The properties of wastepaper sludge ash and its generic
applications. in Journal of Physics: Conference Series. 2019. IOP
Publishing. Doi:10.1088/1742-6596/1349/1/012087

[40] Elnour, M.G. and H.A. Laz, Tire hazardous, disposal and recycling. Journal
of Applied and Industrial Sciences, 2014. 2(2): p. 63-74.
https://doi.org/10.4028/www .scientific.net/ AMM.682.75

[41]Zia, A., et al., Sustainability enhancement through high-dose recycled tire
steel fibers in concrete: Experimental insights and practical applications.
Sustainability, 2023. 15(22): p. 15760.
https://doi.org/10.3390/sul52215760

[42] Firdawok, M., et al., Performance of steel fiber extracted from old waste
tires on Mechanical properties of concrete for rigid pavement construction.
Journal of Civil Engineering, Science and Technology, 2023. 14(2): p. 146-
159. https://doi.org/10.33736/jcest.5488.2023

[43]1Iraqi, S., Portland cement” the Central Organization for Iraqi Standard

[44] Garcia Giménez, R., et al., Fly ash and paper sludge on the evolution of
ternary blended cement: Mineralogy and hydrated phases. 2015. 27(9): p.
04014249. https://doi.org/10.1061/(ASCE)MT.1943-5533.0001223

[45]Hlail, S.H., S. Al-Busaltan, and A.M. Shaban. Sustainable Development of
Highly Flowable Cementitious Grouts for Semi-flexible Pavement Mixture.
in IOP Conference Series: Materials Science and Engineering. 2020. IOP
Publishing. Doi:10.1088/1757-899X/928/2/022068

[46] Garcia, R., et al., Study of hydrated phases present in calcined paper sludge
(metakaolinite)/saturated CaO dissolution system cured at 40 C and 28 days
of reaction. 2010. 527(16-17): p. 3936-3941.
https://doi.org/10.1016/j.msea.2010.02.075

[47] ASTM C204-11, Standard Test Methods for Fineness of Hydraulic Cement
by Air-Permeability Apparatus, American Society for Testing Material.
2011c: West Conshohocken, PA, United States.

[48]ASTM C305, Standard Practice for Mechanical Mixing of Hydraulic
Cement Pastes and Mortars of Plastic Consistency, American Society for
Testing Material. 2014f: West Conshohocken, PA, United States.

[49]ASTM (230, Standard Specification for Flow Table for Use in Tests of
Hydraulic Cement, American Society for Testing Material. 2014g:
Conshohocken, PA, United States.

[50]ASTM C109/C109M, Standard Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Specimens), in,
American Society for Testing Material. 2013f: Conshohocken, PA, United
States.

(QUES)

nc(- 2008

[SITASTM (348, Standard test method for flexural strength of hydraulic-
cement mortars, American Society for Testing Material. 2014a: West
Conshohocken, PA, United States.

[52]Boulekbache, B., et al., Flowability of fibre-reinforced concrete and its
effect on the mechanical properties of the material. 2010. 24(9): p. 1664-
1671. https://doi.org/10.1016/j.conbuildmat.2010.02.025

[53]Wang, R. and X.J.A.S. Gao, Relationship between flowability, entrapped
air content and strength of UHPC mixtures containing different dosage of
steel fiber. 2016. 6(8): p. 216. https://doi.org/10.3390/app6080216

[54]Wu, Z., et al., Effects of steel fiber content and shape on mechanical
properties of ultra high performance concrete. 2016. 103: p. 8-14.
https://doi.org/10.1016/j.conbuildmat.2015.11.028

[55]Malaiskiene, J., et al., The impact of primary sludge from paper industry on
the properties of hardened cement paste and mortar. 2018. 172: p. 553-561.
https://doi.org/10.1016/j.conbuildmat.2018.04.011

[56]Mujah, D.J.J.0.c.p., Compressive strength and chloride resistance of grout
containing ground palm oil fuel ash. 2016. 112: p. 712-722.
http://dx.doi.org/10.1016/j.jclepro.2015.07.066

[57] Al-Tikrite, A., M.N.J.C. Hadi, and B. Materials, Mechanical properties of
reactive powder concrete containing industrial and waste steel fibres at
different ratios under compression. 2017. 154: p. 1024-1034.
http://dx.doi.org/10.1016/j.conbuildmat.2017.08.024

[58]Fava, G., M.L. Ruello, and V. Corinaldesi, Paper mill sludge ash as a
supplementary cementitious material. Journal of materials in civil
engineering, 2011. 23(6): p. 772-776.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000218

[59]Berndt, M., Strength and permeability of steel fibre reinforced grouts.
Construction and building materials, 2010. 24(9): p. 1768-1772.
https://doi.org/10.1016/j.conbuildmat.2010.02.011

[60]Kim, D.J., et al., Fresh and hardened properties of steel fiber-reinforced
grouts containing ground granulated blast-furnace slag. Construction and
Building Materials, 2016. 122: p. 332-342
.https://doi.org/10.1016/j.conbuildmat.2016.06.005

[61]1De Azevedo, A.R., et al., Recycling paper industry effluent sludge for use
in mortars: A sustainability perspective. Journal of Cleaner Production,
2018. 192: p. 335-346. http://dx.doi.org/10.1016/j.jclepro.2018.05.011


https://doi.org/10.1007/s12649-015-9370-7
https://doi.org/10.1007/s12649-015-9370-7
https://doi.org/10.1016/j.susmat.2024.e00960
https://doi.org/10.1016/j.conbuildmat.2023.134554
https://doi.org/10.1007/s10163-022-01402-z
https://doi.org/10.1007/s10163-022-01402-z
https://doi.org/10.1016/j.jobe.2023.107893
https://doi.org/10.1007/978-3-031-14141-6_10
https://doi.org/10.4028/www.scientific.net/AMM.682.75
https://doi.org/10.3390/su152215760
https://doi.org/10.33736/jcest.5488.2023
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001223
https://doi.org/10.1016/j.msea.2010.02.075
https://doi.org/10.1016/j.conbuildmat.2010.02.025
https://doi.org/10.3390/app6080216
https://doi.org/10.1016/j.conbuildmat.2015.11.028
https://doi.org/10.1016/j.conbuildmat.2018.04.011
http://dx.doi.org/10.1016/j.jclepro.2015.07.066
http://dx.doi.org/10.1016/j.conbuildmat.2017.08.024
https://doi.org/10.1016/j.conbuildmat.2010.02.011

