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Abstract

To promote material circularity and a sustainable built environment, this study investigates
the application of industrial waste within South Africa’s built environment, with a focus
on civil engineering projects. A post-positivist philosophical stance was adopted, with a
quantitative method and a structured questionnaire used for data collection. Responses
were solicited from built environment professionals involved in the delivery of civil engi-
neering projects, and the data gathered were analysed using appropriate descriptive and
inferential statistics, including exploratory factor analysis and partial least squares struc-
tural equation modelling (PLS-SEM). Findings revealed that, despite increased awareness
of recycled construction and demolition waste, fly ash, and foundry sand, among others,
their use remains limited due to three significant constraints. These are (1) knowledge,
skills, and awareness, (2) operational and regulatory, and (3) governance and industry
collaboration. PLS-SEM further showed that prioritizing sustainable practices and fostering
multidisciplinary collaboration are the most significant strategies for enhancing industrial
waste usage in the country. Practically, the study indicates that overcoming regulatory,
knowledge, and operational issues through targeted policies, infrastructure investments,
and collaborative efforts can significantly promote material circularity and sustainability in
the South African built environment. Theoretically, the findings offer valuable insights for
future studies on the application of industrial waste in the delivery of built environment
projects in developing countries, where such studies have not been explored.

Keywords: circular economy; construction materials; industrial waste; sustainability

1. Introduction

Industrialization is a critical driver of socioeconomic development, job creation, in-
frastructure, and productivity [1,2]. Economic growth in countries such as South Africa
depends on industrial activities [3]. However, despite their significance, the growing
amount of waste produced as a by-product of production processes has made these ac-
tivities a serious environmental concern [4]. Solids, liquids, and gases from a variety of
industries, including manufacturing, chemical processing, and mining, are examples of
industrial waste, which is undesired or leftover material created by industrial operations [5].
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In South Africa, excessive industrial waste from mining, power generation, and manu-
facturing causes significant environmental and economic problems, as it does in many
developing nations [6]. For instance, Eskom, South Africa’s power-generating company,
which uses coal as its primary fuel, produced approximately 34 million tons of coal ash
annually. This high volume of coal waste has been a crucial issue for the organisation,
prompting significant investments in managing it to support more sustainable produc-
tion [7]. The situation is no different in the mining industry, where gold mine tailings have
become a major contributor to environmental, health, and acid mine drainage problems
facing the country currently [8]. Recognizing the need for proper management of mining
waste, Harmony, one of the largest gold reclamation operators in the country, introduced
mine waste solutions in the Klerksdorp, Stilfontein, Orkney, and Vaal River areas of the
Gauteng and North West provinces of South Africa. These were introduced to assist the Ka-
reerend tailing storage facility, which was almost full, and to ensure effective management
of gold mine tailings [9]. Because industrial waste is produced in large quantities and often
contains hazardous materials, its management is crucial to prevent environmental degrada-
tion, such as soil contamination, water pollution, and greenhouse gas emissions. By doing
s0, its impact on the global sustainability crisis and public health can be mitigated [10-12].
One viable approach to addressing this issue is to apply circular economy principles of
recycling, reusing, and repurposing this waste into more valuable products [7,13].

The circular economy addresses industrial waste by shifting from the traditional
linear approach to production (i.e., take-make-dispose) to a more cyclical approach, in
which waste is viewed as a valuable resource. This is achieved through strategies such
as industrial symbiosis, where the waste from one industry becomes a raw material for
another [14]. As a result, by-products such as fly ash, silica fume, blast furnace slag,
and construction and demolition debris are gradually gaining recognition as veritable
alternatives to traditional construction materials [15,16]. Where these alternatives have been
successfully adopted, there has been evidence of positive environmental impact while also
consuming fewer virgin raw materials and minimizing waste that ends up in landfills [17].
Using industrial waste also promotes the United Nations” (UN) sustainable development
goal (SDG), especially SDG 12 on responsible production and consumption [18,19]. For
instance, concrete and road infrastructure are two areas where industrial by-products such
as fly ash, blast furnace slag, mine tailings, and recycled aggregates have shown promise for
application in construction [20]. Moreover, recycling industrial waste provides a practical
way to reduce reliance on virgin resources while minimizing environmental damage,
particularly in rapidly developing economies like South Africa, where construction is in
high demand and raw material use is surging [17].

Despite these positive developments, the practical application of these industrial
wastes, particularly in the delivery to developing countries such as South Africa, remains
slow [21]. Understanding the reasons behind the slow uptake of industrial waste in the
South African industry is essential to suggest practical strategies for improvement. It is
important to note that research in the country has examined the applicability of industrial
waste, including mine tailings and coal ash, for geopolymer bricks [22,23]. Other studies
have tested the feasibility of reusing foundry sand and slag in building concrete [24,25],
fly ash as a partial replacement for concrete and brick construction [26], sawdust as a
partial replacement for sand in bricks [27], and construction and demolition waste for
the production of instrumented embankment trials [28]. While these studies give insight
into the possible application of these industrial wastes within the South African built
environment, this current study strives to further this discussion by unearthing, through
empirical evidence, industry participants’ perspectives on the extent of practical application
of these explored wastes in the delivery of civil engineering projects, such as roads, bridges,
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and utilities in the country. The study further unearthed barriers to their use, including the
lack of suitable standards for these new materials and the absence of lifecycle assessment
of these materials, among others, which can hinder the use of industrial waste-generated
materials in construction [29,30]. Understanding these barriers enabled the proposal
of sustainable solutions to ensure material circularity in the South African engineering
and construction industry. Subsequent parts of the paper explored related studies, the
methodology adopted, the key findings, and the conclusions drawn from the results.

2. Application of Industrial Waste in the Built Environment

Byproducts from mining, manufacturing, power generation, and other industrial
processes are referred to as industrial waste. Based on their composition and environ-
mental effects, these wastes can be classified as either hazardous (e.g., chemical residues
and heavy metals) or non-hazardous (e.g., fly ash, slag, and construction debris) [31]. Air
pollution, water pollution, and soil degradation are all consequences of improper indus-
trial waste disposal. But thanks to developments in recycling and waste management,
industrial by-products are now used in a variety of applications and sectors, including
construction, where they can replace traditional raw materials to increase sustainability and
cost-effectiveness [32]. Industrial wastes used in construction include fly ash, silica fume,
steel slag, ground-granulated blast furnace slag, and recycled materials such as tires, glass,
and marble [33]. These materials enhance building performance by partially replacing
cement and aggregates [34].

Steel slag, a by-product of steelmaking, can be classified as carbon or stainless-steel
slag, depending on the steel type, furnace, pre-treatment methods, and grade. It typically
has a density of 3.3-3.6 g/ c¢m? and contains calcium oxide, silicon dioxide, iron oxides, mag-
nesium oxide, aluminum oxide, phosphorus pentoxide, and manganese oxide. Its higher
iron content makes it a hard, wear-resistant material [35]. As a high-quality alternative to
natural aggregates, steel slag is used as a fluxing agent in sinter ore, and as an aggregate
in road construction and concrete production [36]. It can serve as a synthetic aggregate
in highway construction [37]. Dubey et al. [38] found that using ground granulated blast
furnace slag and steel melting shop slag as partial substitutes for cement and coarse aggre-
gates in green concrete reduced costs by 22.6% in residential projects. Rosales et al. [39]
also demonstrated that stainless steel slag can replace limestone filler in self-compacting
concrete, thereby reducing waste and promoting sustainability in the circular economy.

Similarly, glass, an inorganic material made by melting raw materials and quickly cool-
ing them into a rigid state without crystallization, also produces waste that can be reused
in construction. Depending on its intended use, its primary constituents include silicon
dioxide, aluminium oxide, iron (III) oxide, calcium oxide, sodium oxide, potassium oxide,
manganese oxide, and other compounds [40]. Recycled glass has proven to be a successful
partial replacement for cement and aggregates in concrete due to its hardness, brittleness,
transparency, density (1672 kg/m?), and specific gravity [40]. Given that concrete is used
in large quantities, the pozzolanic behavior of waste glass powder can improve concrete,
making it a desirable alternative for sustainable construction globally [41]. Moreover,
concrete with 20% glass powder substituted for some of the cement can have a higher
28-day compressive strength [42]. Comparing glass powder with conventional concrete,
Vijayakumar et al. [43] found that it increased compressive strength at 28 and 60 days by
up to 40%. Fahad and Ali [44] also explored using sheet glass instead of natural gravel and
found that glass concrete specimens had better properties and lower water absorption than
gravel concrete.

In construction, clay is the primary raw material for brickmaking. Amsayazhi and
Mohan [45] suggest that water treatment sludge can effectively substitute for clay. Various

https://doi.org/10.3390/su18010046


https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46

4 0of 28

sludges from sewage and water treatment, often combined with other waste materials
like agricultural byproducts, can contribute to sustainable brick production. As such,
Chiang et al. [46] developed lightweight bricks by mixing rice husk ash and dried water
treatment sludge, achieving notable strength with 40% rice husk. Swierczek et al. [47]
explored the possibility of using raw sewage sludge as a key construction component,
while Cusido et al. [48] used sewage sludge and forest debris to produce lighter bricks
with improved thermal and acoustic insulation. Although sewage sludge meets material
standards, Liew et al. [49] recommend limiting its content to under 30% due to increased
brittleness. Lin et al. [50] produced pavement bricks using bottom ash and water treatment
sludge, and Ahmadi et al. [51] partially replaced clay with water treatment sludge in
eco-friendly fired bricks. For concrete production, Ghannam [52] found no significant
loss in strength when using dry water treatment sludge as an additive in low-organic-
content mixes. Similarly, Pizon et al. [53] reported that recycled concrete aggregates
and metallurgical sludge provided higher compressive strength, along with increased
permeability and absorption in concrete.

Some environmental concerns arise from the large amounts of fly ash—a byproduct
of burning coal in thermal power plants—that are frequently dumped in landfills [54]. To
repurpose this industrial waste, fly ash has become a viable choice for use in porous concrete
due to its pozzolanic properties, which include silica and alumina [55]. South Africa’s heavy
reliance on coal for power generation results in large volumes of fly ash, with only about
8% reused [56]. The situation is not restricted to South Africa, as Rodriguez De Sensale [57]
submitted that in India, 117 million tons of fly ash are produced yearly. The United States
and Europe combined make 115 million tons, and China produces 100 million tons [58].
As such, exploring the use of fly ash, especially as a partial replacement for cement, has
become a popular area of research in recent times. Fly ash has been replaced with cement
at up to 50% of the Portland cement [59]. It has been noted that fly ash has a broader range
of applications in building, and that a combination of 5% silica fumes and 20% fly ash
can provide strength [60]. Also, in South Africa, there is a large amount of mine tailings
and coal ash (bottom ash), which is suitable for sand replacement and geopolymer brick
production [23,24]. Other industrial waste that can be used in construction includes crumb
rubber and copper slag as fine aggregates [61].

3. Barriers to the Use of Industrial Waste in the Built Environment

Given the recent attention to industrial waste as a viable option for achieving circularity
in construction, studies have continued to explore the issues that hinder its widespread
application. Diverse issues cutting across technical, economic, supply-chain, regulatory, socio-
cultural, environmental, and health concerns have been revealed in existing studies [62-64].

The technical section typically addresses material-specific and system-level perfor-
mance concerns that prevent the safe, reliable reuse of industrial wastes in construction.
Key issues include variable quality, lack of standardized tests or acceptance criteria, and
uncertain long-term performance, which raise design and liability risks. Unlike virgin ma-
terials, which have predictable properties, industrial wastes exhibit significant variability in
composition and quality. For instance, recycled aggregates derived from construction and
demolition waste display wide fluctuations in mechanical properties depending on their
source, contamination levels, and processing methods. As a result, these recycled aggre-
gates are primarily relegated to low-grade applications, such as road sub-bases, while their
use in structural concrete remains limited despite technical feasibility [63,65]. Similarly,
the durability of these materials developed from industrial waste presents a significant
technical challenge to their widespread use. Charef et al. [66] noted that many engineers
and construction professionals worry about long-term performance issues, including alkali-
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silica reactions, freeze—thaw resistance, and compatibility with existing material systems.
In cases where the lifespan of a building may extend fifty years or more, the absence of
long-term performance data for waste-derived materials creates understandable hesita-
tion [67,68]. Moreover, the lack of clear standards for these materials makes the technical
issue of accepting these waste-generated materials more complex. Studies have noted that
many secondary materials lack precise technical specifications, acceptance criteria, or stan-
dardized testing protocols [62]. Without these clear standards, engineers are left to apply
conservative safety margins that effectively price recycled materials out of consideration,
even when their actual performance might prove adequate. This standards gap affects
diverse materials, from fly ash blends to plastic-derived products, creating a dilemma in
which materials cannot gain acceptance without standards. Yet, standards development
requires widespread use to generate the necessary performance data [63,69]. Moreover, the
rigidity of many national and international codes, especially in countries where material
performance codification is strict and mandated, poses a significant problem for industrial
waste applications [70]. Although many industrial waste materials meet the performance
requirements for strength, durability, and thermal properties, they are neither officially
accepted nor used due to these rigid codes [71,72].

Issues related to the economy and supply have also become a source of concern. Even
when technical barriers can be overcome, economic realities often create problems for the
use of industrial waste in construction. Costs, demand dynamics, and logistical scale are
key constraints. Processing industrial waste into construction-grade materials typically
costs more than simply extracting virgin equivalents. Sorting, cleaning, testing, and upgrad-
ing waste streams require significant capital investment and operational expenditure [64].
As long as virgin aggregates remain cheap and landfill disposal costs stay low, the business
case for recycling and reusing waste materials becomes irrelevant [73]. Similarly, mar-
ket dynamics worsen these cost challenges. Demand for recycled construction materials
remains inconsistent and geographically fragmented, preventing the economies of scale
necessary to drive down unit costs [74]—many organisations involved in recycling struggle
to secure long-term contracts with stable volumes and prices. Investing in processing
facilities is financially risky. The absence of mature marketplace infrastructure, including
trusted trading platforms, quality-assured product streams, and transparent pricing mech-
anisms, further deters the use of these waste materials [75]. Also, contractors cannot use
specific waste streams as primary materials because suppliers cannot provide consistent
volumes due to irregular generation and collection of these waste streams [76]. Moreover,
transportation economics adds another layer of difficulty. Construction materials are inher-
ently bulky and low-value on a per-unit-weight basis. Therefore, transporting processed
waste material over significant distances can be uneconomical. The geographic mismatch
between waste generation and potential reuse sites forces waste materials into disposal
rather than higher-value applications. For private investors, these combined uncertainties
create unacceptable risk profiles, constraining the capital flows necessary to build recycling
infrastructure and develop innovative products [74,77].

Studies have also emphasised that the regulatory environment surrounding industrial
waste reuse remains underdeveloped in many countries, creating legal uncertainty that
hinders adoption [62]. Many countries lack clear frameworks that define when waste
ceases to be waste and becomes a product. Without these precise definitions, materials
exist in regulatory uncertainty, subject to waste management controls even when processed
into construction-grade products. This uncertainty creates permitting issues and potential
liability concerns that deter risk-averse developers and contractors [78]. In cases where
regulations exist, enforcement often proves weak and incentive structures misaligned.
Banning the use of landfills or mandating recycling means little without monitoring and
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penalties for non-compliance. Moreover, procurement policies rarely prioritize recycled
content. Public and private procurement often favour virgin materials or lack mandates
for recycled content, limiting demand for secondary products such as waste-generated
materials [79]. Some regulatory frameworks even inadvertently discourage waste reuse
by focusing narrowly on operational carbon emissions while ignoring embodied carbon
and end-of-life recoverability. This ‘lazy view’ can favour designs that reduce energy
consumption but increase material complexity, ultimately undermining circular economy
goals [66]. Again, the certification and standards gaps have regulatory dimensions. Policy
development in many countries has been slow, and uniform standards are not being
adopted for waste-derived construction materials. This has left the construction industry
without clear compliance pathways [74].

Technical feasibility and regulatory permission, while necessary, prove insufficient
without social acceptance. Adoption depends on stakeholder trust, knowledge, and pro-
fessional practices. Unfortunately, the construction industry remains deeply conservative,
with strong preferences for proven materials and established practices. Clients and profes-
sionals often perceive recycled materials as risky, potentially compromising performance
or warranties [80]. This risk aversion intensifies high-value projects or safety-critical ap-
plications where the consequences of failure could be catastrophic, both physically and
reputationally [73]. Eberhardt et al. [71] further argued that this resistance to change noticed
towards the use of new materials could be attributed to the absence of comprehensive
performance data and case studies that verify the long-term durability of materials. Also,
knowledge gaps and limited training reinforce this resistance [81]. Many construction pro-
fessionals and contractors lack familiarity with appropriate applications for waste-derived
materials, their performance characteristics, and proper specification approaches. Educa-
tional curricula have been slow to incorporate circular economy principles and secondary
material options, leaving practitioners poorly equipped to innovate [78,82]. Moreover, the
cultural perceptions of ‘waste’ itself present a significant challenge. Materials labelled as
recycled or waste-derived can be seen as inferior, contaminated, or low quality. For visible
applications such as finishes and facades, this image problem directly affects marketability.
As such, overcoming these perceptions requires not just technical proof but also brand-
ing, demonstration projects, and a cultural shift toward viewing secondary materials as
resources rather than refuse [73].

Practical logistics and information gaps undermine the reliability of industrial waste
supply chains. Waste generation, collection, processing, and potential reuse involve numer-
ous dispersed parties with diverse incentives and poor coordination. These different parties
operate in fragmented ecosystems with limited information exchange. This fragmentation
results in inconsistent supply volumes and quality, complicating manufacturers” efforts to
secure a steady supply of waste-derived products [75]. Moreover, digital infrastructure for
waste tracking and trading remains primitive in most developing countries. Without reli-
able data on waste generation quantities, locations, compositions, and availability, potential
users cannot plan procurement or justify investment in processing capacity. The absence
of digital platforms for transparent waste exchange prevents efficient market formation,
leaving valuable materials stranded while construction projects continue sourcing virgin
inputs [75]. Also, the extensive use of waste-derived materials in construction remains
severely hampered by environmental and health concerns [83]. The potential toxicity of
industrial waste materials, which may contain hazardous chemicals or heavy metals, is a
pressing concern. These pollutants have the potential to leak into the environment, posing
health and quality risks [84]. Because tailings and coal ash contain high levels of arsenic,
cadmium, and lead, the disposal and reuse of industrial waste is especially controversial.
Without appropriate treatment or containment measures, environmental liabilities may
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exceed potential sustainability benefits [85]. Moreover, the lack of reliable data on the
long-term environmental performance of recycled materials is another obstacle. There are
insufficient empirical studies and field validation in many regions, including South Africa,
to determine the behavior of industrial byproducts under various structural and climatic
conditions. If waste is not treated correctly or contained, end users and construction work-
ers may be exposed to airborne particles or chemical residues. In developing countries
with inadequate occupational safety and health systems, the risk of exposure increases [83].

To understand the application and issues associated with the use of industrial waste
in the South African built environment, this study explored these barriers, along with the
identified applications of industrial waste. To further provide viable solutions to improve
usability, some possible strategies were introduced as mediating variables to improve
the application.

4. Methodology

This study adopted a post-positivist philosophical stance using a quantitative research
design and a questionnaire as the instrument for data collection. The need to provide
an objective and quantifiable viewpoint on the use of industrial waste in the delivery of
civil engineering projects in South Africa necessitated the adopted approach. The target
population comprises built environment professionals engaged in civil engineering projects
within Gauteng Province, South Africa, including architects, engineers (civil, structural,
mechanical, and electrical), quantity surveyors, and construction and project managers. The
premise for conducting the study in this province is that Gauteng hosts many construction
organizations with the highest construction output/value compared to other provinces [86].
Due to the difficulty in obtaining the exact number of professionals involved in civil
engineering projects and registered with the diverse professional bodies, purposive and
snowball sampling were adopted. Purposive sampling helped in identifying the first set
of professionals working on civil engineering projects within the province. Afterwards,
snowball sampling helped expand the sample for the study through referral. Using the
snowball approach, 143 usable questionnaires were retrieved for the study and considered
usable for analysis and drawing inferences.

The study adopted a self-administered closed-ended questionnaire designed in four
sections. Section 1 gathered demographic information on the respondents to ascertain
their suitability for the study. Section 2 assessed the application of industrial waste in
civil engineering projects. This section was assessed using the usage scale proposed
in Vagias [87], where one is ‘never’, two is ‘almost never’, three is ‘sometimes’, four is
‘almost every time’, and five is ‘every time’. Section 3 assessed the barriers to the use of
these industrial wastes, while Section 4 assessed the strategies for improving the use of
industrial waste in civil engineering projects. Sections 3 and 4 were assessed on a five-point
agreement scale ranging from ‘strongly disagree’ to ‘strongly agree’. This questionnaire
was distributed via Google Forms, with a cover letter describing the study’s intention,
notifying the respondents of their voluntary participation, and assuring them of anonymity.
Furthermore, ethics clearance was sought from the University of Johannesburg’s ethics
committee before data collection was done. Before distribution, the instrument was piloted
among five professionals to test the clarity of the questions and the time taken to complete
the questionnaire, as suggested by Fellows and Liu [88]. The final draft of the questionnaire
was adjusted based on the input gathered from the pilot study.

The data gathered on the demographic information of the respondents were analysed
using frequency (f), while the mean score (X) was used to rank the different variables
assessed in Sections 2—4 in descending order. Following Ghasemi and Zahediasl’s [89]
suggestion that the Shapiro-Wilk (5-W) normality test is most suitable for data gathered
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from a sample size less than 2000, the S-W test was conducted, and the result revealed
that the data collected were not normally distributed, as a significant p-value of 0.000
was derived for all variables in Sections 2—4. Hence, only analyses that do not require
normal distribution of data (i.e., parametric data) can be conducted. Therefore, since the
respondents in the study were drawn from different professions, the Kruskal-Wallis H-
test, the nonparametric alternative to ANOVA, was employed to determine significant
differences in how the different groups ranked the assessed variables. The barriers and
strategies were further analysed using exploratory factor analysis (EFA) due to the large
number of variables and the need to achieve a simpler, more straightforward, and more
interpretable factor structure. In conducting EFA, the factorability of the data gathered
was first assessed using the Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO)
and Bartlett’s Test of Sphericity (BTS). Based on the acceptable values of the factorability
test, EFA was conducted using principal component analysis (PCA) with varimax rotation.
The choice of varimax rotation over other methods was based on its ability to produce
factors that are easier to interpret through maximized variance. With varimax rotation, the
loading patterns of variables make it simpler to understand which variables are related to
which underlying concept or construct, leading to more straightforward interpretations
and applications of factor analysis results [90]. Furthermore, the relationship between
the barriers identified through EFA and the level of industrial waste application was
assessed using partial least squares structural equation modelling (PLS-SEM). This second-
generation multivariate analysis was adopted due to its suitability for determining cause-
and-effect relationships in nonparametric data with a small sample [91,92], as in the case
of this current study. Furthermore, the grouped strategies from EFA were introduced as
mediating factors to improve the use of industrial waste, and this was assessed using
PLS-SEM. Figure 1 gives an overview of the research methodology adopted.

* Shapiro-Wilk test for normality

Determining the level of e * Frequency, Mean Item Score, Kruskal-Wallis
application, barriers and H-Test
strategies for improvement Datajanalysis * Exploratory Factor Analysis (PCA and
through review varimax rotation)
\‘_gT)_/ » Structural Equation Modelling (PLS-SEM)
I
Quantitative survey Presentation of
using a questionnaire results
Data ::)JJa.’:_".J:)J'J and 2 Conclusion )
Crosscneck /

Figure 1. Research methodology overview.

5. Findings and Discussion
5.1. Background Information

The results on the background information of the respondents revealed that more en-
gineers (civil, structural, mechanical, and electrical) participated in the survey, representing
77% of respondents. This is expected given the study’s focus on civil engineering projects.
Quantity surveyors, construction managers, and construction project managers were also
part of the survey with 5.5%, 12.3% and 4.9% representation, respectively. The majority of
these participants (62.6%) have bachelor’s degrees, while 27.6% have honors degrees, 5.5%
have master’s degrees, and 4.3% have a diploma. Also, the majority of these respondents
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(55.8%) work for contracting organisations, 40.5% for consulting organisations, and only
3.7% for government organisations. In terms of years of experience, 49.7% have up to
5 years of experience in civil engineering projects in the country, while the remaining 50.3%
have more than 5 years. The average years of working experience for the respondents was
6.4 years. The background information revealed that the respondents are academically and
experientially equipped to answer the research questions.

5.2. Application of Industrial Waste in Civil Engineering Projects in South Africa

The respondents were asked to rate the overall level of industrial waste use in the
delivery of civil engineering projects in South Africa on a five-point scale, with five being
very high and one being very low. The result revealed that 34.4% believed the use of
industrial waste is on average, while 30.7% and 17.2% believed it is low and very low,
respectively. Only 16.6% and 1.2% noted that the use of industrial waste is high or very high,
respectively. Further assessment of the usage of 13 identified industrial waste applications
to civil engineering projects was carried out. Table 1 shows the rating of the level of
usage with the overall group X-value of 2.20 attained. Based on the 5-point scale used,
it can be concluded that the use of the identified industrial waste application in civil
engineering projects is low. The findings further revealed that only the use of recycled
construction and demolition waste as aggregates for new construction had an average
X-value of 3.09, with all others having X-values below average. The K-W test further
revealed no significant difference in the ratings of these applications among respondents
from different professions, as the p-value exceeded the 0.05 threshold. This implies that
there is no significant disparity in the respondents’ ratings of the application of industrial
waste in civil engineering projects.

Table 1. Application of industrial waste in civil engineering projects.

K-W Test
Industrial Waste Application X Rank X2 p-Value
Recycled construction and demolitiqn waste as aggregates for 3.09 1 0.885 0.829
new construction
Fly ash as a partial cement replacement 2.86 2 6.042 0.110
Foundry sand bricks, blocks, and road sub-base materials 2.46 3 3.831 0.280
Mine tailings and waste rock as backfill in construction 2.17 4 6.608 0.086
Slag from steel production in concrete mixes 2.16 5 3.570 0.312
Waste glass as a fine aggregate in concrete and asphalt 2.13 6 3.817 0.282
Plastic Waste in paving blocks and bricks 212 7 5.167 0.160
Rubber Waste as a modifier in asphalt 2.10 8 3.874 0.275
Plastic waste for composite structural panels 2.04 9 3.529 0.317
Recycled oil in machinery during construction 1.97 10 4.549 0.208
indusil e nd hum dudge o ening 1 u s o
Reclaimed asphalt pavement in resurfacing roads 1.94 11 0.553 0.907
Lime and cement kiln dust to treat weak soils 1.63 13 1.855 0.603

Group X 2.20
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5.3. Barriers to the Application of Industrial Waste in Civil Engineering Projects in South Africa

The result of the barriers to the use of industrial waste in civil engineering projects in
South Africa is presented in Table 2. The result revealed that all 16 barriers assessed were
deemed significant, as they all had X-values higher than the average of 3.0. Top of the list
are environmental and health concerns, regulatory and standards limitations, and limited
government support and enforcement with X-values of 4.52, 4.48, and 4.42. The least on
the table is a lack of skilled personnel with a X-value of 3.55. The K-W test revealed a
discrepancy in the ratings of two of the 16 barriers. These barriers include limited research
and development and a lack of collaboration among industry professionals with p-values
below 0.05.

Table 2. Barriers to the use of industrial waste in civil engineering projects.

K-W Test

Barriers X Rank X2 p-Value

Environmental and health concerns 4.52 1 4.531 0.104

Regulatory and standards limitations 4.48 2 0.232 0.891

Limited government support and enforcement 4.42 3 1.571 0.456
Limited research and development 4.20 4 8.063 0.018 *

Perceived complexities of industrial waste 441 5 1.397 0.497
Lack of collaboration among industry professionals 4.40 6 6.948 0.031 *

High transportation and handling costs 4.36 7 0.367 0.832

Inconsistent supply and quality of waste materials 4.36 7 0.338 0.845

Lack of lifecycle assessment practices 4.33 9 2.162 0.339

Lack of stakeholder awareness 4.25 10 0.034 0.983

Storage and space constraints 4.23 11 0.394 0.821

Lack of sustainability awareness 4.19 12 4.068 0.131

Market and industry resistance 4.14 13 1.219 0.543

Lack of customer recognition 4.14 13 3.985 0.136

Lack of education and training 4.05 15 3.113 0.211

Lack of skilled personnel 3.55 16 0.633 0.729

Note: * = p-value significant at <0.05.

Given the large number of variables assessed and the assumption that some may
share similar underlying significance, EFA was conducted to regroup the 16 barriers into
manageable subscales. To conduct an EFA, the data was carefully assessed. The KMO
measure of sampling adequacy was 0.874, which is above the 0.60 threshold [90,93]. Fur-
thermore, BTS gave a significant p-value of 0.000 with a x2-value of 1157.50, as seen in
Table 3. Furthermore, the derived communalities were assessed with values between
0.410 and 0.762 derived. These communalities are deemed acceptable following the sug-
gestion of Pallant [90]. This implies that the data gathered can be further analysed using
EFA based on the sample size, KMO, BTS, and acceptable communalities derived. Based
on these results, EFA was conducted using PCA with Varimax rotation. Table 3 shows
that three major groups were derived with eigenvalues above one and a total variance of
58.5%. This implies that about 59% of the issues facing the use of industrial waste in civil
engineering projects in South Africa can be explained by these three groups of barriers. The
remaining 41% can be explained by other factors not measured in this study.
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Table 3. EFA analysis of the Barriers to the use of industrial waste in civil engineering projects.

Barriers Component
1 2 3 Communalities
Lack of education and training 0.806 0.741
Lack of skilled personnel 0.722 0.551
Lack of sustainability awareness 0.721 0.637
Limited research and development 0.715 0.561
Lack of stakeholder awareness 0.596 0.559
Lack of customer recognition 0.552 0.607
High transportation and handling costs 0.734 0.560
Regulatory and standards limitations 0.724 0.673
Storage and space constraints 0.626 0.520
Perceived complexities of industrial waste 0.598 0.581
Environmental and health concerns 0.555 0.540
Market and industry resistance 0.469 0.410
Limited government support and enforcement 0.850 0.762
Inconsistent supply and quality of waste materials 0.797 0.714
Lack of collaboration among industry professionals 0.582 0.509
Lack of lifecycle assessment practices 0.484 0.435
KMO and Bartlett’s Test
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.874
Bartlett’s Test of Sphericity Approx. x> 1157.503
df 120
Sig. 0.000

Cluster 1—The first rotated component accounts for 40% of the variance explained and
has six loading variables. These barriers are a lack of education and training, a lack of skilled
personnel, a lack of sustainability awareness, limited research and development, a lack of
stakeholder awareness, and a lack of customer recognition. Based on their latent similarities,
this cluster was named knowledge, skills, and awareness barriers. Cluster 2—The second
cluster accounts for only 11% of the variance explained and has six variables loading. These
are high transportation and handling costs, storage and space constraints, regulatory and
standards limitations, perceived complexities of industrial waste, environmental and health
concerns, and market and industry resistance. This cluster was subsequently named opera-
tional and regulatory barriers. Cluster 3—The last cluster accounts for 8% of the variance
explained and has four variables loading. These variables are limited government support
and enforcement, inconsistent supply and quality of waste materials, lack of collaboration
among industry professionals, and lack of lifecycle assessment practices. Based on their
latent similarities, this cluster was named governance and industry collaboration barriers.

The relationship between the identified barriers and the use of the identified industrial
waste was further assessed using PLS-SEM, since the data gathered were nonparametric, as
revealed by the S-W test conducted earlier. In conducting this test, the reflective measure-
ment model was first assessed through a critical evaluation of the outer loadings derived.
These outer loadings are correlations between the constructs and their indicators, indicating
each indicator’s absolute contribution to the constructs’ validity [91]. Table 4 shows the
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derived factor loadings before and after eliminating variables with low loadings (i.e., outer
loadings below 0.7). The elimination of variables with low outer loading was based on past
submissions, which noted that this approach yields better fit indices and a more reliable
model [94]. However, factor loadings of as low as 0.4 have been deemed acceptable if
they do not negatively influence the overall model reliability [95]. The final iteration after
elimination shows that 10 of the 16 identified barriers and 6 of the 13 uses of industrial
waste in civil engineering projects were retained, as they had internal reliability above 0.5.
This means they explain more than 50% of their variance [91]. The internal consistency of
each group was also assessed using Cronbach’s alpha («), the Rho coefficient (0A), and
composite reliability (pc), as these measures are more robust [91,96]. The threshold for the
&, pA, and pc tests is 0.7 [82]. The result of the final iteration revealed that all groups in the
model met the accepted thresholds of 0.70 for the «, pA, and pc tests, except for ‘operational
and regulatory barriers’, which had a slightly lower « and pA.

Table 4. Reflective measurement model summary of the barriers to the application of industrial waste.

1st Final
Loading  Loading ot pA pc AVE VIF
Knowledge, skills, and awareness barriers 0.826 0.828 0.869 0.572
Lack of education and training (BIW?7) 0.748 0.700 2.115
Lack of skilled personnel (BIW11) 0.685 - -
Lack of sustainability awareness (BIW13) 0.766 0.755 1.933
Limited research and development (BIW6) 0.774 0.774 2.115
Lack of stakeholder awareness (BIW15) 0.732 0.764 1.510
Lack of customer recognition (BIW12) 0.761 0.787 1.614
Operational and regulatory barriers 0684 0.696 0.863  0.759
High transportation and handling costs (BIW1) 0.652 - -
Regulatory and standards limitations (BIW14) 0.800 0.849 1.371
Storage and space constraints (BIW2) 0.593 -
Perceived complexities of industrial waste (BIW16) 0.784 0.893 1.371
Environmental and health concerns (BIW3) 0.655 - -
Market and industry resistance (BIW4) 0.671 - -
Governance and industry collaboration barriers 0701  0.790 0.826  0.615 -
Limited government support and enforcement (BIW8) 0.693 - -
Inconsistent supply and quality of waste materials 0.789 0.747 1.398
Lack of collaboration among industry professionals 0712 0.722 1.349
Lack of lifecycle assessment practices (BIW10) 0.845 0.874 1.355
Use of industrial waste 0.709 0.757  0.801 0.408
Fly ash as a partial cement replacement (USE1) —0.332 - -
Slag from steel production in concrete mixes (USE2) 0.125 - -
Mine tailings and waste rock as backfill in —0210 _ )

construction (USE3)
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Table 4. Cont.
1st Final
Loading  Loading o pA pc AVE VIF
Recycled construction and demolition waste as —0.299 ) .
aggregates for new construction (USE4) ’
Rubber waste as a modifier in asphalt (USE5) 0.624 0.637 1.552
Foundry sand bricks, blocks, and road sub-base 0126 ) }
materials (USE6) ’
Waste glass as a fine aggregate in concrete and asphalt 0.577 0563 1717
(USE?)
Plastic waste in paving blocks and bricks (USE8) 0.478 0.529 1.371
Industrial lime and alum sludge for treating 0.521 ) )
construction wastewater (USE9) ’
Lime and cement kiln dust to treat weak soils (USE10) 0.484 - -
Reclaimed asphalt pavement in resurfacing roads
(USE11) 0.532 0.534 1.442
Plastic waste for composite structural panels (USE12) 0.670 0.719 1.570
Recycled oil in machinery during construction 0.736 0.803 1622

(USE13)

Furthermore, convergent validity was assessed using average variance extracted
(AVE), with a threshold of 0.5, as in past submissions [91,92]. The final iteration showed
good convergent validity across the groups, except for the use of industrial waste, which
yielded an AVE of 0.408. While this suggests that, on average, more error variance exists in
this construct than the variance explained by the construct itself, studies have suggested
accepting low AVE as long as a pc above 0.6 and acceptable values for discriminant and
convergent validity are achieved [97]. Since the derived pc for this group is 0.801 and
acceptable discriminant validity has been established, the group can be accepted as valid
for the study. Furthermore, multicollinearity was assessed using the derived variance
inflation factor (VIF), with a threshold of <5.0 [91]. The result revealed that all retained
variables had VIFs below 5.0, indicating no multicollinearity issues in the data.

Finally, discriminant validity, which indicates the extent to which a construct is empir-
ically distinct from others in the model [91], was assessed using the heterotrait-monotrait
(HTMT) ratio. For the HTMT test, a value below 0.85 is required for apparent discriminant
validity [98]. Table 5 shows that all groups assessed met the set cut-off, indicating that they
are distinct from one another.

Table 5. Discriminant validity for the barriers to the application of industrial waste.

Governance and Industry Knowledge, Skills, and Operational and
Collaboration Barriers Awareness Barriers Regulatory Barriers
Governance and industry
collaboration barriers
Knowledge, skl'lls, and 0.757
awareness barriers
Operational anc.i 0.703 0.805
regulatory barriers
Use of industrial waste 0.262 0.290 0.345
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The result in Table 6 shows the structural relationship between the barriers and the
use of industrial waste. Using the recommended bootstrap approach at 4999 samples [92],
the derived path coefficient (3) was examined along with its t-value and p-value. The
value of B was examined in terms of its sign, magnitude, and significance as suggested by
Tabachnick and Fidell [93]. The significance is determined by the t-value with a threshold
of at least 1.96 for a 95% confidence interval (p-value < 0.05) [99]. From the result, two out of
the three groups identified through EFA were significantly impacting the use of industrial
waste. Knowledge, skills, and awareness barriers had the highest impact with a significant
B of —0.218 (—22%). This implies that the current use of industrial waste is significantly
affected negatively by the lack of education and training, sustainability awareness, stake-
holder awareness, customer recognition, and limited research and development. As such,
addressing these barriers through adequate interventions can significantly increase the use
of industrial waste for civil engineering projects in South Africa. Also, operational barriers,
particularly perceived complexities of industrial waste and regulatory and standards limi-
tations, have a significant negative impact on the use of these technologies, as a $-value
of —0.102 and a significant p-value of 0.037 was derived. Unlike other SEM, PLS-SEM
does not require several model fit analyses. However, the use of standardized root mean
square residual (SRMR) and Bentler-Bonett normed fit index (NFI) is common in many PLS
studies [92]. In this current study, 0.08 was set as the cut-off for SRMR [91], while a range
of between 0.6 and 0.9 was set for NFI [100]. Although an SRMR of 0.084 was achieved, an
NFI of 0.614 was derived, implying that the derived model was considered fit for adoption.

Table 6. Structural relationship between the barriers and the use of industrial waste.

Hypothesised - .

Relationship B X STDEV t-Statistics p-Values Remark
Governance and industry ¢ 555 —0.090 0.140 0.251 0.802 Reject
collaboration — Use
Knowledge, skills, and 0218 —0.206 0.199 2.298 0.022 * Accept
awareness — Use

Operational and ~0.102 —0.123 0.141 1.977 0.037 * Accept

regulatory — Use

Note: * significant at p-value < 0.05.

5.4. Strategies for Improving the Use of Industrial Waste in Civil Engineering Projects in
South Africa

To understand the possible measures required to address the identified barriers and
to improve the use of industrial waste in civil engineering activities in South Africa, the
respondents ranked 16 strategies identified from the literature, and the result is presented
in Table 7. The result revealed that all 16 strategies assessed were deemed significant, as
they all had X-values higher than the average of 3.0. At the top of the list are providing
professional development and training, prioritizing sustainable infrastructure development,
creating public awareness, and supporting the development of material testing laboratories
with X-values of 4.80. 4.58. 4.56. and 4.56, respectively. The least on the table is fostering
industry collaboration with a X-value of 4.17, and the K-W test revealed a disparity in the
rating of this strategy, as a significant p-value of 0.020 was derived, and this is below the
0.05 threshold set.
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Table 7. Strategies for improving the use of industrial waste in civil engineering projects.
K-W Test
Strategies X Rank x> p-Value
Providing professional development and training 4.80 1 8.666 0.013
Prioritising sustainable infrastructure development 4.58 2 3.094 0.213
Creating public awareness 4.56 3 3.358 0.187
Support for the development of material testing laboratories 4.56 3 4.055 0.132
Market development and stimulation 4.40 5 1.375 0.503
Showcasing successful pilot projects 4.36 6 3.153 0.207
Embracing sustainable procurement policies 4.36 6 0.546 0.761
Promoting multidisciplinary cooperation 4.35 8 0.957 0.620
Developing industry standards and protocols 4.33 9 6.447 0.040
Promoting knowledge-sharing platforms 4.32 10 0.880 0.644
Offering financial incentives 4.31 11 3.479 0.176
Government support through demand for the use of industrial waste 4.30 12 1.706 0.426
Investing in industrial waste research and development 4.21 13 1.645 0.439
Creation of favourable supporting policies 4.20 14 0.816 0.665
Prioritize circular economy principles 4.20 14 1.274 0.529
Fostering industry collaboration 417 16 7.782 0.020 *

Note: * = p-value significant at <0.05.

Considering the large number of variables assessed, EFA was also conducted to
regroup the 16 strategies into manageable subscales further. The KMO of 0.800. and BTS
gave a significant p-value of 0.000 with a x?-value of 709.39, as seen in Table 8. Furthermore,
the communalities were assessed, and values of between 0.373 and 0.744 were derived.
Aside from ‘providing professional development and training’” with a communality of 0.373,
all other assessed strategies gave acceptable values. This implies that the data gathered
can be further analysed using EFA based on the sample size, KMO, BTS, and acceptable
communalities derived. Based on these results, EFA was conducted using PCA with
Varimax rotation. Table 8 shows that five major groups were derived with eigenvalues
above one and a total variance of 61%. This implies that 61% of the strategies for improving
the use of industrial waste in civil engineering projects in South Africa can be explained by
these five groups of strategies. The remaining 39% can be explained by other factors not
measured in this study.

Cluster 1—The first rotated component accounts for 31% of the variance explained
and has five loading variables. These strategies are developing industry standards and
protocols, creating public awareness, promoting knowledge-sharing platforms, investing in
industrial waste research and development, and providing professional development and
training. Based on their latent similarities. This cluster was named Standards, awareness,
and capacity building strategy. Cluster 2—The second cluster accounts for only 8% of the
variance explained and has four variables loading. These are prioritizing circular economy
principles, market development, and stimulation, showcasing successful pilot projects
and embracing sustainable procurement policies. This cluster was subsequently named
the sustainable practices strategy. Cluster 3—The third cluster accounts for 7.7% of the
variance explained. It has two variables loading, viz, creation of favourable supporting
policies, and government support through demand for the use of industrial waste. This
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cluster was subsequently named policy and supportive framework strategy. Cluster 4—The
fourth cluster also has two variables loading on it and accounts for 7.4% of the total
variance explained. The two variables are offering financial incentives and support for
the development of material testing laboratories. This cluster was subsequently named
the Financial and infrastructure support strategy. Cluster 5—The last cluster accounts
for 6.8% of the variance explained and has five loading variables. This cluster has three
variables loading viz: promoting multidisciplinary cooperation, prioritizing sustainable
infrastructure development, and fostering industry collaboration. Based on their latent
similarities. This cluster was named the sustainable multidisciplinary collaboration strategy.

Table 8. EFA analysis of the strategies for improving the use of industrial waste in civil
engineering projects.

Strategies Component
1 2 3 4 5 Communalities
Developing industry standards and protocols 0.702 0.563
Creating public awareness 0.591 0.571
Promoting knowledge-sharing platforms 0.579 0.488
Investing in industrial waste research and development  0.575 0.507
Providing professional development and training 0.472 0.373
Prioritise circular economy principles 0.833 0.738
Market development and stimulation 0.559 0.668
Showcasing successful pilot projects 0.553 0.625
Embracing sustainable procurement policies 0.490 0.535
Creation of favourable supporting policies 0.775 0.744
Government suppprt thrqugh demand for the use of 0.758 0.698
industrial waste
Offering financial incentives 0.794 0.646
Support for the developmept of material testing 0.687 0.665
laboratories
Promoting multidisciplinary cooperation 0.755 0.668
Prioritizing sustainable infrastructure development 0.652 0.614
Fostering industry collaboration 0.506 0.651
KMO and Bartlett’s Test
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.800
Bartlett’s Test of Sphericity Approx. x2  709.390
df 120
Sig. 0.000

Further assessment of the impact of these strategies on improving the use of industrial
waste for civil engineering projects in South Africa was conducted using PLS-SEM. The
results in Table 9 show that of the 16 strategies identified, only 10 were retained based on
their factor loadings. Although the derived « and pA were below the threshold of 0.7 for the
five groups of strategies, the derived pc met the given threshold of 0.7 [91,92]. Similarly, an
AVE of above 0.5 was derived for five of the groups, with the use of industrial waste having
an AVE of 0.407. Based on the acceptable pc and discriminant validity achieved, these
groups of strategies were deemed adequate for further assessment. No multicollinearity
issue was found, as the result revealed a VIF of less than 5.0.
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Table 9. Reflective measurement model summary of the strategies and the application of indus-
trial waste.

Final Iteration
Loading o PA pc AVE VIF

Standards, awareness, and capacity

building 0.635 0.635 0.846 0.732

Developing industry standards and
protocols (SIW9)

Investing in industrial waste research
and development (SIWS)

Sustainable practices 0.577 0.604 0.823 0.700

Prioritize circular economy
principles (SIW14)

Showcasing successful pilot
projects (5SIW4)

Policy and supportive framework 0.687 0.712 0.864 0.761

Creation of favourable supporting
policies (SIW11)

Government support through demand
for the use of industrial waste (SIW12)

Financial and infrastructure support 0.590 0.600 0.829 0.708
Offering financial incentives (SIW10) 0.869 1.213

Support for the development of
material testing laboratories (SIW16)

0.862 1.276

0.850 1.276

0.789 1.197

0.882 1.197

0.864 1.377

0.881 1.377

0.813 1.213

Sustainable multidisciplinary

. 0.547 0.573 0.813 0.685
collaboration

Promoting multidisciplinary

cooperation (SIW7) 0.776 1.165

Prioritizing sustainable infrastructure
development (SIW6)

Use of industrial waste 0.709 0.752 0.801 0.407

Rubber waste as a modifier in
asphalt (USE5)

Waste glass as a fine aggregate in
concrete and asphalt (USE?)

0.876 1.165

0.595 1.552

0.553 1.717

Plastic waste in paving blocks and
bricks (USES)

Reclaimed asphalt pavement in
resurfacing roads (USE11)

0.616 1.371

0.501 1.442

Plastic waste for composite structural
panels (USE12)

Recycled oil in machinery during
construction (USE13)

0.718 1.570

0.797 1.622

Also, discriminant validity was established, as HTMT values were below 0.85 for all
assessed constructs. Table 10 shows that all groups assessed met the set cut-off, indicating
that they are distinct from one another.
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Table 10. Discriminant validity for the strategies and the application of industrial waste.
Financial and Policy and Standards, Sustainable .
. e e 1e Sustainable
Infrastructure Supportive Awareness, and Multidisciplinary Practices
Support Framework Capacity Building Collaboration

Financial and

infrastructure support

Policy and supportive 0.468

framework

Stand'ards, elaw?reness, and 0.493 0571

capacity building

Sustainable

multidisciplinary 0.652 0.444 0.741

collaboration

Sustainable practices 0.588 0.541 0.595 0.409

Use of industrial waste 0.200 0.250 0.231 0.208 0.381

The results in Table 11 and Figure 2 show the structural relationship between the
barriers and the use of industrial waste after the introduction of the strategies. The result
revealed that introducing sustainable multidisciplinary collaboration (8-value = 0.248;
p-value = 0.034) and sustainable practices (B-value = 0.208; p-value = 0.010) will have the
highest significant impact on the use of industrial waste and further reduce the influence of
the identified barriers. However, the relationship between the other three identified groups
of strategies (i.e., financial and infrastructure support, policy and supportive framework,
and standards, awareness, and capacity building) and the level of usage was not significant.
However, they are worth exploring, as they had some impact on the barriers identified and,
as such, might indirectly influence the level of usage.

Table 11. Structural relationship between the barriers, strategies, and use of industrial waste.

Hypothesised Relationship B X STDEV t-Statistics p-Values Remark
Financial and infrastructure 0.079 0.076 0.089 0.889 0.374 Reject
support — Use
Policy and supportive —0.015 —0.023 0.096 0.152 0.879 Reject
framework — Use
Standards, awareness, and 0.087 —0.084 0.122 0.710 0.478 Reject
capacity building — Use
Sustainable multidisciplinary g 0.238 0.096 2.588 0.010 Accept
collaboration — Use
Sustainable 0.208 —0.206 0.098 2122 0.034 Accept
practices — Use
Governance and industry
collaboration —0.024 —0.090 0.140 0.251 0.802 Reject
barriers — Use
Knowledge, skills, and —0.122 —0.206 0.199 2.298 0.022 Accept
awareness barriers — Use
Operational and regulatory ;74 ~0.123 0.141 1.977 0.037 Accept
barriers — Use
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Figure 2. Barriers and strategies for improving the use of industrial waste.

Further assessment of the model’s fitness revealed SRMR of 0.081 and NFI of 0.648,
indicating that the model was considered fit for adoption. Finally, the predictive accuracy
of the overall model was assessed using the derived coefficient of determination (R?).
While many studies have advocated high R? values for acceptable predictive accuracy,
particularly in pure science, Frost [101] noted that a low R? does not imply an unfit or poor
model. It was further stated that it is not uncommon to get low R? in social science studies,
especially studies involving human perspectives. As such, Hair et al. [91] suggested that
acceptable R? depends on the field of application, and R? values as low as 0.1 have been
considered satisfactory in some fields of research. However, R? of 0.26. 0.13. and 0.02 are
deemed acceptable, moderate, and weak [102]. The result revealed an R? of 0.157. This
implies that the assessed barriers and introduction of the identified strategies will have a
16% impact on the current use of industrial waste for civil engineering projects in South
Africa. Therefore, by addressing these barriers and adopting these strategies, the use of
these industrial wastes is likely to increase.

5.5. Discussion and Implications of Findings

The study found that, despite growing awareness of diverse industrial waste, its
practical application in the South African built environment, particularly in the delivery of
civil engineering projects, remains limited. While recycled construction and demolition
waste as aggregates for new construction, fly ash as a partial cement replacement, and
foundry sand bricks, blocks, and road sub-base materials were the most used industrial
waste, their use remains low. PLS-SEM revealed that this low application is due to the
significant negative impact of two problem groups. These are (1) knowledge, skills, and
awareness barriers, including a lack of education and training, sustainability awareness,
stakeholder awareness, customer recognition, and limited research and development.
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(2) operational and regulatory barriers, particularly perceived complexities of industrial
waste and regulatory and standards limitations.

These findings align with prior submissions on the issues hindering the successful use
of waste-based materials in construction in the extant literature. Ayalp [103] has earlier
noted that a lack of research and development and technological innovation hampers the
optimisation and wider use of waste-derived building materials. Moreover, studies show
that professional training and skill development are essential for promoting the use of
cutting-edge materials and environmentally friendly building techniques. Ongoing pro-
fessional development improves practitioners’ technical proficiency and self-assurance in
defining, creating, and using waste-based materials [104]. Unfortunately, one of the biggest
obstacles to sustainable material use in developing nations remains a lack of technical know-
how and training [105,106], which aligns closely with the study’s top finding. Similarly, past
studies have noted that the lack of specific guidance and practical national procedures for
some recycled materials has been a crucial issue for the widespread use of industrial waste
in the country, highlighting a need for standardized best practices [107]. The lack of pre-
cise rules and guidelines is commonly mentioned as the primary institutional barrier that
erodes market trust and reliable quality control [108]. Shahid and Ali [70] noted that many
developing countries lack flexible frameworks for updating building codes as technology
advances. Outdated international standards or a lack of localized technical requirements
make it difficult for practitioners to use readily available industrial by-products.

To address these barriers, five groups of strategies were identified through EFA, viz,
(1) standards, awareness, and capacity building, (2) sustainable practices, (3) policy and
supportive framework, (4) financial and infrastructure support, and (5) sustainable multi-
disciplinary collaboration. However, introducing these strategies as a mediating variable
to the barriers and application, PLS-SEM revealed that prioritizing sustainable practices
(i.e., prioritize circular economy principles, and showcase successful pilot projects) as
well as sustainable multidisciplinary collaboration (i.e., promote multidisciplinary coop-
eration and prioritize sustainable infrastructure development) are the most significant
strategies that should be prioritised in the country for improved use of industrial waste
and attainment of sustainable development and material circularity in the delivery of civil
engineering projects. This finding aligns with past submissions, noting that by prioritizing
pilot studies that showcase the potential of industrial wastes, the perceived risks can be
alleviated among stakeholders and practitioners [26,27]. Moreover, these pilot studies
can help generate locally relevant data to support the development of policy frameworks,
standards, and specifications needed for scaling. They can also unlock funding, innovation,
and social acceptance, while encouraging academic, public, and private collaboration [109].

These findings imply that to improve knowledge and acceptance of industrial waste,
it is necessary to promote the practicality and inherent benefits of industrial waste-based
materials. This can be achieved through successful pilot projects and showcasing circular
economy principles that serve as proof of concept to project stakeholders. By doing this,
industry-wide adoption can be inspired, and the inherent advantages of using these waste-
based materials can be showcased. In South Africa, initiatives such as the use of recycled
aggregates in road pavements in Gauteng and the Western Cape, and coal bottom ash
bricks in KwaZulu-Natal, have shown how effective providing working examples can be
in encouraging broader acceptance [110]. Similarly, enhancing knowledge and awareness
is essential as this is a crucial barrier to the current level of application in the country.
This can be achieved through increased education and training efforts to elevate industry
understanding of the potential of industrial waste in civil engineering projects. By engaging
stakeholders across the sector, the value of these waste-based materials can be recognized,
thereby encouraging broader adoption.
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Also, to ensure sustainable practices, simplifying regulatory processes and updating
standards are crucial. By doing so, the complexities and perceived risks associated with
industrial waste can be addressed, thus making it a more attractive option for project par-
ticipants. The development of acceptable material qualities (such as compressive strength,
durability, and leachate limitations), application processes, and testing procedures depends
heavily on standards and protocols, such as those issued by the South African National
Standards (SANS) and the International Organisation for Standardisation (ISO). This helps
ensure that industrial waste is used consistently across project types and geographical
areas [111]. Because the performance will be consistent and verifiable, engineers and con-
tractors can also confidently substitute recycled materials for conventional ones. Although
there are some guidelines for recycled aggregates and additional cementitious materials
in South Africa, a significant obstacle is the absence of widely accepted, current proto-
cols [112]. Therefore, creating standards in partnership with industry, academia, testing
labs, and regulators will ensure that the procedures are workable and legally binding.
These guidelines can then be incorporated into building codes, training curricula, and pro-
curement regulations, creating a stable environment in which industrial waste is accepted
as a standard building material.

Moreover, having supportive policies and infrastructure investments, such as incen-
tives for using industrial waste, combined with investments in recycling and processing
infrastructure, can significantly increase availability and reduce costs. By doing so, using
waste-based materials can become more financially viable and logistically feasible to in-
corporate into projects. Small-scale demonstration projects, research and development,
and the certification of new materials, all of which are frequently underfunded, can also
benefit from financial incentives. Frameworks like the Carbon Tax Act of 2019 and Green
Building Incentives implemented in municipalities such as eThekwini and the City of Cape
Town in South Africa demonstrate the potential to incorporate financial mechanisms that
reward circular construction approaches. However, these incentives are still in the early
stages of development. Similar strategies, such as landfill fees, recycled content laws, and
innovation incentives, have been used internationally to promote the use of industrial
waste in construction [113]. Evidently, financial incentives are essential to mainstreaming
industrial waste in construction because they reduce market risk, reward early adopters,
and shift the cost-benefit balance in favor of sustainability. Also, these supportive policies
should promote sustainable practices within the South African construction industry with a
view to driving progress toward material circularity. This can be achieved by encouraging
and integrating recycling and reuse initiatives into standard practice to support a more
sustainable construction environment.

Furthermore, it is essential to foster multidisciplinary collaboration within the South
African built environment. Experts from academia, industry, government, and environmen-
tal organisations coming together can lead to innovative solutions, streamline processes,
and create comprehensive standards. This multidisciplinary collaboration can also enable
knowledge sharing and support the development of sustainable infrastructure tailored to
community needs and delivered through material circularity. It is therefore essential to
prioritize at the public and private levels the integration of industrial waste, as this will
not only advance environmental objectives but also promote economic resilience through
sustainable development practices. Figure 3 gives an overview of the developed model
for the practical application of industrial waste in the South African built environment,
particularly in the delivery of civil engineering projects.
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Figure 3. Modelling the barriers and strategies for improving the application of industrial waste.
Note: * = p-value significant at <0.05.

6. Conclusions

The study, from the perspective of built environment professionals in South Africa,
assessed the application of selected industrial waste in the delivery of civil engineering
projects in the country. Based on diverse statistical analyses conducted, the study concludes
that, although the increasing awareness of industrial waste’s potential, its practical appli-
cation in the construction sector, particularly civil engineering projects, remains limited.
While materials such as recycled construction waste, fly ash, and foundry sand are recog-
nised, their use is still in its infancy. The reasons for this slow adoption are twofold, viz,
knowledge and operational barriers. The knowledge barriers come from a lack of education
and training, limited sustainability awareness, inadequate stakeholder engagement, and
insufficient research and development. Many industry professionals, stakeholders, and end
users are not fully informed about the benefits and methods for incorporating industrial
waste into construction. This knowledge gap stifles innovation and acceptance of sustain-
able materials. Also, the perceptions of complexity in using industrial waste, along with
restrictive regulations, deter its application. Current standards and regulatory frameworks
fall short in adequately supporting the use of industrial waste, thereby creating obstacles
for businesses and developers who might otherwise be willing to innovate.

The study further concluded that a comprehensive and strategic approach is needed to
address these barriers. Prioritizing sustainable practices, such as demonstrating successful
pilot projects and adopting circular economy principles, can serve as catalysts for industry-
wide change. Moreover, fostering multidisciplinary collaboration among government,
academia, industry, and environmental stakeholders can drive innovation, streamline
standards, and develop tailored infrastructure that will support industrial waste integration.
Practically, the study contributes to the use of industrial waste by highlighting the areas of
application lagging and the issues driving low adoption rates, while providing solutions to
improve adoption. By adopting the strategies proposed in this study, the South African
construction industry can significantly increase its use of industrial waste. Doing this will
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subsequently promote environmental sustainability, contribute to a circular economy, and
drive innovative, cost-effective construction practices. Theoretically, the findings offer
valuable insights for future studies on the application of industrial waste in the delivery
of built environment projects in developing countries, where such studies have not been
explored. Despite these practical and theoretical contributions, the findings of this study
are limited by geographical scope and the methodology adopted. While the sample size
was deemed adequate for the data analysis adopted in the study, the findings may not be
generalized to the entire country, as they were drawn from participants in a single province.
Further studies in other provinces are therefore encouraged to compare findings. Also, a
single method was used in this study. While the quantitative approach through a survey
was deemed appropriate, the self-report nature of the questionnaire may limit the findings.
This can include response bias, variability in interpretation, and limited insights. As such,
future studies using other methods can be conducted to compare findings with those of
this study.

Author Contributions: Conceptualisation, D.A. and L.A.; methodology, N.D., J.O.A. and D.A;
software, D.A. and L.A.; formal analysis, D.A. and L.A.; investigation, N.D. and D.A; resources, D.A.
and L.A.; writing—original draft preparation, N.D. and D.A; writing—review and editing, J.O.A.
and L.A; visualization, D.A.; project administration, D.A. and L.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the University of Johannesburg, Faculty of Engineering and the Built
Environment Ethics and Plagiarism Committee as part of the final year project ethics approval in
the department of Civil Engineering Technology. (protocol code UJ_FEBE_FEPC_01909 and date of
approval: 13 August 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

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

References

1.

United Nations Industrial Development Organization (UNIDO). Industrialization as a Driver of Sustained Prosperity; UNIDO:
Vienna, Austria, 2020. Available online: https://www.unido.org/industrialization-driver-sustained-prosperity (accessed on
10 October 2025).

World Bank. Industrial Development Report: The Role of Industry in Economic Transformation; The World Bank: Washington, DC, USA,
2017. Available online: https:/ /openknowledge.worldbank.org/entities / publication/bc82676f-43e2-5596-ae77-5659f0715267
(accessed on 10 October 2025).

Statistics South Africa (Stats SA). Labour Market Dynamics in South Africa: Quarterly Report; Stats SA: Pretoria, South Africa,
2021. Available online: https://www.statssa.gov.za/publications/Report-02-11-02 /Report-02-11-022021.pdf (accessed on
10 October 2025).

Khoshsepehr, Z.; Alinejad, S.; Alimohammadlou, M. Exploring industrial waste management challenges and smart solutions: An
integrated hesitant fuzzy multi-criteria decision-making approach. J. Clean. Prod. 2023, 304, 138327. [CrossRef]

Department of Environmental Affairs. Waste Act: National Policy on Thermal Treatment of General and Hazardous Waste; South Africa
Gazettes: Pretoria, South Africa, 2009; p. 32439.

Jain, A.; Singhal, D.; Pandey, R.K. Assessing the impact of industrial waste on the environment and mitigation strategies: A
comprehensive review. J. Hazard. Mater. 2020, 398, 123019. [CrossRef] [PubMed]

Eskom. Sustainability Report 2025. Available online: https://www.eskom.co.za/wp-content/uploads/2025/10/Eskom-
sustainability-report-2025.pdf (accessed on 10 December 2025).

Chetty, S.; Pillay, L.; Humphries, M.S. Gold mining’s toxic legacy: Pollutant transport and accumulation in the Klip River
catchment, Johannesburg. S. Afr. J. Sci. 2021, 117, 8668. [CrossRef] [PubMed]

https://doi.org/10.3390/su18010046


https://www.unido.org/industrialization-driver-sustained-prosperity
https://openknowledge.worldbank.org/entities/publication/bc82676f-43e2-5596-ae77-5659f0715267
https://www.statssa.gov.za/publications/Report-02-11-02/Report-02-11-022021.pdf
https://doi.org/10.1016/j.jclepro.2023.138327
https://doi.org/10.1016/j.jhazmat.2020.123019
https://www.ncbi.nlm.nih.gov/pubmed/32768833
https://www.eskom.co.za/wp-content/uploads/2025/10/Eskom-sustainability-report-2025.pdf
https://www.eskom.co.za/wp-content/uploads/2025/10/Eskom-sustainability-report-2025.pdf
https://doi.org/10.17159/sajs.2021/8668
https://www.ncbi.nlm.nih.gov/pubmed/41027890
https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46 24 of 28

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Harmony. Mine Waste Solutions: Low-Cost, High-Margin, Quality Ounces. 2025. Available online: https://www.harmony.co.za/
wp-content/uploads/2024/10/factsheet-2024-mws-kareerand-expansion-project.pdf (accessed on 10 December 2025).

Yadav, P.; Samadder, S.R. A Critical Review of the Life Cycle Assessment Studies on Solid Waste Management in Asian Countries.
J. Clean. Prod. 2018, 185, 492-515. [CrossRef]

Kaza, S.; Yao, L.C.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050. Urban
Development Series; World Bank: Washington, DC, USA, 2018.

United Nations Environment Programme (UNEP). Global Environment Outlook (GEO-6)—Healthy Planet, Healthy People; UNEP:
Nairobi, Kenya, 2019. Available online: https://www.unep.org/resources/global-environment-outlook-6 (accessed on
10 October 2025).

Kurda, R;; Silvestre, ].D.; de Brito, J. Toxicity and Environmental and Economic Performance of Fly Ash and Recycled Concrete
Aggregates Use in Concrete: A Review. Heliyon 2018, 4, e00611. [CrossRef]

Mangoro, N.; Kubanza, N.S.; Simatele, M.D. Integrating circular economy and industrial ecology for sustainable management of
construction and demolition waste in South Africa. S. Afr. Geogr. J. 2025, 1-22. [CrossRef]

Ahmaruzzaman, M. A Review on the Utilization of Fly Ash. Prog. Energy Combust. Sci. 2010, 36, 327-363. [CrossRef]

Roh, S.; Kim, R.; Park, W.-]; Ban, H. Environmental Evaluation of Concrete Containing Recycled and By-Product Aggregates
Based on Life Cycle Assessment. Appl. Sci. 2020, 10, 7503. [CrossRef]

Aghimien, L.; Aghimien, E.; Aghimien, D. Where Should the Old Clothes Go?—Promoting Circularity in Sub-Saharan Construc-
tion Through Textile Waste. Sustain. Dev. 2025, 33, 6436—6455. [CrossRef]

Ghisellini, P,; Cialani, C.; Ulgiati, S. A Review on Circular Economy: The Expected Transition to a Balanced Interplay of
Environmental and Economic Systems. J. Clean. Prod. 2016, 114, 11-32. [CrossRef]

United Nations Environment Programme (UNEP). 2020 Global Status Report for Buildings and Construction: Towards a
Zero-Emission, Efficient and Resilient Buildings and Construction Sector; UNEP: Nairobi, Kenya, 2020. Available online:
https:/ /www.unep.org/resources/report/global-status-report-buildings-and-construction (accessed on 10 October 2025).
Kurniati, E.O.; Kim, H.-J. Utilizing Industrial By-Products for Sustainable Three-Dimensional-Printed Infrastructure Applications:
A Comprehensive Review. Infrastructures 2023, 8, 140. [CrossRef]

Otasowie, K.; Aigbavboa, C.; Oke, A.; Adekunle, P.; Ayorinde, E. Diverse Approaches to Construction and Demolition Waste
Reuse: A Case of South Africa. Eng. Proc. 2024, 76, 2. [CrossRef]

Ekolu, S.0.; Solomon, F.; Naghizadeh, A. Abandoned Mine Tailings and Coal Ash Industrial Wastes for Sustainable Production of
Geopolymer Brick Masonry: South African Case Study. Key Eng. Mater. 2022, 916, 130-135. [CrossRef]

Ikotun, J.O.; Adeyeye, R.; Otieno, M. Application of Mine Tailings Sand as Construction Material —A Review. In Proceedings
of the International Conference on Concrete Repair, Rehabilitation and Retrofitting (ICCRRR 2022), Cape Town, South Africa,
3-5 October 2022; Volume 364. p. 05008. [CrossRef]

Iloh, P; Fanourakis, G.; Ogra, A. Evaluation of Physical and Chemical Properties of South African Waste Foundry Sand (WES) for
Concrete Use. Sustainability 2019, 11, 193. [CrossRef]

Nyembwe, J.K.; Makhatha, M.E.; Banganayi, F.C.; Nyembwe, K. Characterization of Foundry Waste Sand Streams for Recycling
Applications in Construction Industry. Waste Biomass Valorizat. 2018, 9, 1681-1686. [CrossRef]

Aneke, F1.; Awuzie, B. Conversion of Industrial Wastes into Marginal Construction Materials. Acta Structilia 2018, 25, 119-137.
[CrossRef]

Kupolati, W.K.; Grassi, S.; Frattari, A. Environmental Greening through Utilization of Sawdust for Production of Bricks. Soc. Sci.
Res. Netw. 2012, 4, 63-78.

Zedda, V. The Applicability of C&D Waste Material in South Africa Road Construction. Available online:
https:/ /researchspace.ukzn.ac.za/handle/10413 /16621 (accessed on 10 October 2025).

AlJaber, A.; Martinez-Vazquez, P.; Baniotopoulos, C. Barriers and Enablers to the Adoption of Circular Economy Concept in the
Building Sector: A Systematic Literature Review. Buildings 2023, 13, 2778. [CrossRef]

Oke, A.; Aigbavboa, C.; Aghimien, D.; Currie, N. Construction Professionals’ Perception of Solid Waste Management in the South
African Construction Industry. Advances in Human Factors, Sustainable Urban Planning and Infrastructure. In Proceedings of
the AHFE 2018 International Conference on Human Factors, Sustainable Urban Planning and Infrastructure, Orlando, FL, USA,
21-25 July 2018; Charytonowicz, J., Falcao, C., Eds.; Springer: Cham, Switzerland, 2019; Volume 788, pp. 496-505. [CrossRef]
Sharma, P.; Gaur, VK.; Gupta, S.; Varjani, S.; Pandey, A.; Gnansounou, E.; You, S.; Ngo, H.H.; Wong, ]. W.C. Trends in Mitigation
of Industrial Waste: Global Health Hazards, Environmental Implications and Waste-Derived Economy for Environmental
Sustainability. Sci. Total Environ. 2022, 811, 152357. [CrossRef]

Velumani, S.K.; Venkatraman, S. Assessing the Impact of Fly Ash and Recycled Concrete Aggregates on Fibre-Reinforced
Self-Compacting Concrete Strength and Durability. Processes 2024, 12, 1602. [CrossRef]

Singh, R.R.; Jaglan, A. Study on Utilisation of Waste and Recycled Materials. Int. Res. |. Eng. Technol. 2018, 5, 975-977.

https://doi.org/10.3390/su18010046


https://www.harmony.co.za/wp-content/uploads/2024/10/factsheet-2024-mws-kareerand-expansion-project.pdf
https://www.harmony.co.za/wp-content/uploads/2024/10/factsheet-2024-mws-kareerand-expansion-project.pdf
https://doi.org/10.1016/j.jclepro.2018.02.298
https://www.unep.org/resources/global-environment-outlook-6
https://doi.org/10.1016/j.heliyon.2018.e00611
https://doi.org/10.1080/03736245.2025.2580938
https://doi.org/10.1016/j.pecs.2009.11.003
https://doi.org/10.3390/app10217503
https://doi.org/10.1002/sd.3477
https://doi.org/10.1016/j.jclepro.2015.09.007
https://www.unep.org/resources/report/global-status-report-buildings-and-construction
https://doi.org/10.3390/infrastructures8100140
https://doi.org/10.3390/engproc2024076002
https://doi.org/10.4028/p-v13b28
https://doi.org/10.1051/matecconf/202236405008
https://doi.org/10.3390/su11010193
https://doi.org/10.1007/s12649-017-9894-0
https://doi.org/10.18820/24150487/as25i2.5
https://researchspace.ukzn.ac.za/handle/10413/16621
https://doi.org/10.3390/buildings13112778
https://doi.org/10.1007/978-3-319-94199-8_48
https://doi.org/10.1016/j.scitotenv.2021.152357
https://doi.org/10.3390/pr12081602
https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46 25 of 28

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Chen, S.-E.; Shanmugam, N.S.; Boyajian, D.; Chavan, V.S.; Weber, E.; Baarsons, K. Prototyping rail track for micro-people movers
using additive manufacturing: Failure topology characterization. Constr. Build. Mater. 2021, 287, 122623. [CrossRef]

Zhu, X. Difference of Grindability and Cementitious Performance Activity among Minerals in Steel Slag. |. Yancheng Ins. Tech.
2010, 23, 1-4.

Yi, H,; Xu, G.; Cheng, H.; Wang, J.; Wan, Y.; Chen, H. An Overview of Utilisation of Steel Slag. Procedia Environ. Sci. 2012, 16,
791-801. [CrossRef]

Li, L.; Ling, T.; Pan, S. Environmental benefit assessment of steel slag utilization and carbonation: A systematic review. Sci. Total
Environ. 2022, 806, 150280. [CrossRef]

Dubey, S.; Singh, A.; Kushwah, S.S. Utilisation of Iron and Steel Slag in Building Construction. In Proceedings of the International
Conference on Sustainable Materials and Structures for Civil Infrastructures (SMSCI2019), Madhya Pradesh, India, 14-15 March
2019; pp. 1-6. [CrossRef]

Rosales, J.; Agrela, F.; Entrenas, J.A.; Cabrera, M. Potential of Stainless Steel Slag Waste in Manufacturing Self-Compacting
Concrete. Materials 2020, 13, 2049. [CrossRef] [PubMed]

Rajaramakrishna, R.; Kaewkhao, J. Glass Materials and Their Advanced Applications. In Proceedings of the UNNES International
Conference on Research Innovation and Commercialization, Semarang, Indonesia, 10 November 2018; KnE Social Sciences:
Dubai, United Arab Emirates, 2019; pp. 796-807. [CrossRef]

Degirmenci, N.; Yilmaz, A.; Cakir, O.A. Utilisation of Waste Glass as Sand Replacement in Cement Mortar. Indian |. Eng. Mater.
Sci. 2011, 18, 303-308.

Ganis, K.P; Gunalaan, V. Performance of Using Waste Glass Powder in Concrete as a Replacement for Cement. Am. J. Eng. Res.
2013, 2, 175-181.

Vijayakumar, G.; Vishaliny, H.; Govindarajulu, D. Studies on Glass Powder as Partial Replacement of Cement in Concrete
Production. Int. |. Emerg. Technol. Adv. Eng. 2013, 3, 153-157.

Fahad, B.M.; Ali, N.S. Replacement of Natural Gravel with Waste Glass in Concrete. IOP Conf. Ser. Mater. Sci. Eng. 2020, 870,
012147. [CrossRef]

Amsayazhi, P.; Mohan, K.S.R. Use of Sludge Waste as an Ingredient in the Making of Brick. Int. J. Eng. Technol. 2018, 7, 419-422.
[CrossRef]

Chiang, K.Y.; Chou, PH.; Hua, C.R,; Chien, K.L.; Cheeseman, C. Lightweight bricks manufactured from water treatment sludge
and rice husks. | Hazard Mater. 2009, 17, 76-82. [CrossRef]

Swierczek, L.; Cieslik, B.M.; Konieczka, P. The potential of raw sewage sludge in the construction industry—A review. J. Clean.
Prod. 2018, 44, 269-272. [CrossRef]

Cusido, J.A.; Cremades, L.V.; Gonzalez, M. Gaseous Emissions from Ceramics Manufactured with Urban Sewage Sludge during
Firing Processes. J. Waste Manag. 2003, 23, 273-280. [CrossRef]

Liew, A.G.; Idris, A.; Wong, C.H.; Samad, A.A.; Noor, M.].M.; Baki, A.M. Incorporation of Sewage Sludge in Clay Brick and Its
Characterisation. J. Waste Manag. Res. 2004, 22, 226-233. [CrossRef] [PubMed]

Lin, C.; Wu, C.; Ho, H. Recovery of Municipal Waste Incineration Bottom Ash and Water Treatment Sludge to Water-Permeable
Pavement Materials. ]. Waste Manag. 2006, 26, 970-978. [CrossRef] [PubMed]

Ahmadi, M.; Hakimi, B.; Mazaheri, A.; Kioumarsi, M. Potential Use of Water Treatment Sludge as Partial Replacement for Clay in
Eco-Friendly Fired Clay Bricks. Sustainability 2023, 15, 9389. [CrossRef]

Ghannam, S.M. Use of Wastewater Sludge in Concrete Mixes with Treated Water. Int. |. Innov. Res. Sci. Eng. Technol. 2016, 5,
4601-4613. [CrossRef]

Pizon, J.; Gotaszewski, J.; Alwaeli, M.; Szwan, P. Properties of Concrete with Recycled Concrete Aggregate Containing Metallurgi-
cal Sludge Waste. Materials 2020, 13, 1448. [CrossRef]

Chindaprasirt, P.; Jaturapitakkul, C.; Sinsiri, T. Effect of Fly Ash Fineness on Microstructure of Blended Cement Paste. Constr.
Build. Mater. 2018, 21, 1534-1541. [CrossRef]

Sarath, C.K.; Saha, P. Contribution of fly ash to the properties of mortar and concrete. Int. J. Earth Sci. Eng. 2011, 4, 1017-1023.
Mothogane, M. Eskom Coal Combustion Products: Challenges Faced by Ash Off-Takers. 2025. Available on-
line:  https://www.dffe.gov.za/sites/default/files/docs/mothogoane_challengesfacedbyashofftakers.pdf (accessed on
14 November 2025).

Rodriguez de Sensale, G. Effect of Rice-Husk Ash on Durability of Cementitious Materials. Cem. Concr. Compos. 2016, 32, 718-725.
[CrossRef]

Papadakis, V.G.; Tsimas, S. Supplementary Cementing Materials in Concrete: Part I: Efficiency and Design. Cem. Concr. Res. 2002,
32, 1525-1532. [CrossRef]

Sasiekala, K.; Malathy, R. Flexural Performance of Ferro cement laminates containing silica fume and fly ash reinforced with
chicken mesh. Int. ]. Civ. Eng. Technol. 2012, 3, 130-143.

https://doi.org/10.3390/su18010046


https://doi.org/10.1016/j.conbuildmat.2021.122623
https://doi.org/10.1016/j.proenv.2012.10.108
https://doi.org/10.1016/j.scitotenv.2021.150280
https://doi.org/10.1063/1.5127156
https://doi.org/10.3390/ma13092049
https://www.ncbi.nlm.nih.gov/pubmed/32353927
https://doi.org/10.18502/kss.v3i18.4769
https://doi.org/10.1088/1757-899X/870/1/012147
https://doi.org/10.14419/ijet.v7i3.12.16120
https://doi.org/10.1016/j.jhazmat.2009.05.144
https://doi.org/10.1016/j.jclepro.2018.07.188
https://doi.org/10.1016/S0956-053X(02)00060-0
https://doi.org/10.1177/0734242X04044989
https://www.ncbi.nlm.nih.gov/pubmed/15462329
https://doi.org/10.1016/j.wasman.2005.09.014
https://www.ncbi.nlm.nih.gov/pubmed/16293405
https://doi.org/10.3390/su15129389
https://doi.org/10.15680/IJIRSET.2016.0504001
https://doi.org/10.3390/ma13061448
https://doi.org/10.1016/j.conbuildmat.2005.12.024
https://www.dffe.gov.za/sites/default/files/docs/mothogoane_challengesfacedbyashofftakers.pdf
https://doi.org/10.1016/j.cemconcomp.2010.07.008
https://doi.org/10.1016/S0008-8846(02)00827-X
https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46 26 of 28

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Kishore, G.V.V.R. Experimental study on Strength Attainment of concrete containing silica fume and fly ash. IOP Conf. Ser. Mater.
Sci. Eng. 2021, 1197, 1-12. [CrossRef]

Al-Jabri, K.S.; Al-Saidy, A.H.; Taha, R. Effect of Copper Slag as a Fine Aggregate on the Properties of Cement Mortars and
Concrete. Constr. Build. Mater. 2011, 25, 933-938. [CrossRef]

Badraddin, A K,; Radzi, A.R.; Almutairi, S.; Rahman, R.A. Critical Success Factors for Concrete Recycling in Construction Projects.
Sustainability 2022, 14, 3102. [CrossRef]

Ferriz-Papi, ].A.; Lee, A.; Alhawamdeh, M. Examining the Challenges for Circular Economy Implementation in Construction and
Demolition Waste Management: A Comprehensive Review Using Systematic Methods. Buildings 2024, 14, 1237. [CrossRef]
Zhikun, D.; Wang, X.; Zou, PX.W. Barriers and Countermeasures of Construction and Demolition Waste Recycling Enterprises
under Circular Economy. J. Clean. Prod. 2023, 420, 138235. [CrossRef]

Salvi, S.; Mathiyarasi, M.; Santhosi, K.; Ramarao, M.; Chouksey, A. Innovation Methodologies and Techniques Applied in Green
Construction Through Sustainable Waste Materials; Advances in Chemical and Materials Engineering Book Series; IGI Globals:
Hershey, PA, USA, 2024. [CrossRef]

Charef, R.; Morel, J.-C.; Rakhshan, K. Barriers to implementing the circular economy in the construction industry: A critical
review. Sustainability 2021, 13, 12989. [CrossRef]

Conradi-Galnares, E.; Bland6n-Gonzalez, B.; Marrero-Meléndez, M. Life Cycle Assessment (LCA) Fundamental Principles. In Life
Cycle Analysis Based on Nanoparticles Applied to the Construction Industry; Mercader-Moyano, P., Porras-Pereira, P., Eds.; Springer:
Cham, Switzerland, 2025. [CrossRef]

Kumar, B.S.; Chandrashekar, R.; Kurien, S.T.; Nijhawan, G.; Pahwa, S.; Habelalmateen, M.L; Khan, I. A Comprehensive Review
on Using Sustainable Materials for Environmentally friendly Construction Practices. E3S Web Conf. 2024, 529, 01030. [CrossRef]
Shooshtarian, S.; Magsood, T.; Wong, P.S.; Caldera, S.; Ryley, T.; Zaman, A.; C4ceres Ruiz, A.M. Circular economy in action: The
application of products with recycled content in construction projects—A multiple case study approach. Smart Sustain. Built
Environ. 2024, 13, 370-394. [CrossRef]

Shahid, M.U.; Ali, M. Enablers and Policy Framework for Construction Waste Minimization Under Circular Economy: Stakeholder
Perspectives. Sustainability 2025, 17, 4129. [CrossRef]

Eberhardt, L.C.M.; Birkved, M.; Birgisdottir, H. Building design and construction strategies for a circular economy. Archit. Eng.
Des. Manag. 2022, 18, 93-113. [CrossRef]

Gélvez-Martos, J.L.; Styles, D.; Schoenberger, H.; Zeschmar-Lahl, B. Construction and demolition waste best management practice
in Europe. Resour. Conserv. Recycl. 2018, 136, 166-178. [CrossRef]

Véliz, K.D.; Busco, C.; Walters, J.P.; Esparza, C. Circular Economy for Construction and Demolition Waste in the Santiago
Metropolitan Region of Chile: A Delphi Analysis. Sustainability 2025, 17, 1057. [CrossRef]

Ratnasabapathy, S.; Alashwal, A.M.; Perera, S. Exploring the Barriers for Implementing Waste Trading Practices in the Construction
Industry in Australia. Built Environ. Proj. Asset Manag. 2021, 11, 559-576. [CrossRef]

Shahid, M.U.; Ali, M. Analyzing barriers to construction waste minimization and circular economy culture in Building projects
using fuzzy DEMATEL. Sci. Rep. 2025, 15, 39514. [CrossRef]

Armistead, D.; Babaahmadi, A. Navigating regulatory challenges, technical performance and circular economy integration of
mineral-based waste materials for sustainable construction: A mini review in the European context. Waste Manag. Res. 2024, 43,
674-683. [CrossRef]

Bao, Z.; Lee, WM.W.,; Lu, W. Implementing on-site construction waste recycling in Hong Kong: Barriers and facilitators. Sci. Total
Environ. 2020, 747, 141091. [CrossRef]

Geng, ].; Huang, Y,; Li, X.; Zhang, Y. Overcoming Barriers to the Adoption of Recycled Construction Materials: A Comprehensive
PEST Analysis and Tailored Strategies. Sustainability 2023, 15, 14635. [CrossRef]

Pimentel, M.H.; Arantes, A.; Cruz, C.O. Barriers to the Adoption of Reverse Logistics in the Construction Industry: A Combined
ISM and MICMAC Approach. Sustainability 2022, 14, 15786. [CrossRef]

Andersson, R.; Buser, M. On the Road to Nowhere? The Challenges of Aligning Construction and Demolition Waste Practices
with Circular Economy. In Proceedings of the 36th Annual ARCOM Conference, Virtual, 7-8 September 2020; Scott, L., Neilson,
C.J., Eds.; Association of Researchers in Construction Management: London, UK, 2020; pp. 536-545.

Bhavsar, V.; Sridharan, S.R.; Sudarsan, D.J. Barriers to Circular Economy Practices during Construction and Demolition Waste
Management in an Emerging Economy. Resour. Conserv. Recycl. Adv. 2023, 20, 200198. [CrossRef]

Tam, VW.Y,; Tam, C.M. Evaluations of existing waste recycling methods: A Hong Kong study. Build. Environ. 2006, 41, 1663-1671.
[CrossRef]

Amadi, I.G.; Mahachi, J. State-of-the-art review on construction and demolition waste: The South African context. Clean. Waste
Syst. 2025, 11, 100251. [CrossRef]

https://doi.org/10.3390/su18010046


https://doi.org/10.1088/1757-899X/1197/1/012003
https://doi.org/10.1016/j.conbuildmat.2010.06.090
https://doi.org/10.3390/su14053102
https://doi.org/10.3390/buildings14051237
https://doi.org/10.1016/j.jclepro.2023.138235
https://doi.org/10.4018/979-8-3693-3398-3.ch006
https://doi.org/10.3390/su132312989
https://doi.org/10.1007/978-3-031-79115-4_2
https://doi.org/10.1051/e3sconf/202452901030
https://doi.org/10.1108/SASBE-08-2023-0213
https://doi.org/10.3390/su17094129
https://doi.org/10.1080/17452007.2020.1781588
https://doi.org/10.1016/j.resconrec.2018.04.016
https://doi.org/10.3390/su17031057
https://doi.org/10.1108/BEPAM-04-2020-0077
https://doi.org/10.1038/s41598-025-23188-4
https://doi.org/10.1177/0734242X241270973
https://doi.org/10.1016/j.scitotenv.2020.141091
https://doi.org/10.3390/su151914635
https://doi.org/10.3390/su142315786
https://doi.org/10.1016/j.rcradv.2023.200198
https://doi.org/10.1016/j.buildenv.2005.06.017
https://doi.org/10.1016/j.clwas.2025.100251
https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46 27 of 28

84.

85.
86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

Omer, M.M.; Rahman, R.A.; Almutairi, S. Strategies for Enhancing Construction Waste Recycling: A Usability Analysis. Sustain-
ability 2022, 14, 5907. [CrossRef]

Godfrey, L.; Oelofse, S. Historical Review of Waste Management and Recycling in South Africa. Resources 2017, 6, 57. [CrossRef]
Construction Industry Development Board. Construction Monitor—Transformation, Q4. Available online: www.cidb.org.za/wp-
content/uploads/2021/04/Construction-Monitor-Transformation-2020.pdf (accessed on 8 December 2025).

Vagias, W.M. Likert-Type Scale Response Anchors; Clemson International Institute for Tourism and Development, Department of Parks,
Recreation and Tourism Management; Clemson University: Clemson, SC, USA, 2006; Volume 4, pp. 1-4.

Fellows, R.R.; Liu, A. Research Methods for Construction, 3rd ed.; Wiley-Blackwell Science: London, UK, 2008.

Ghasemi, A.; Zahediasl, S. Normality Test for Statistical Analysis: A Guide for Non-Statisticians. Int. J. Endocrinol. Metab. 2012, 10,
486-489. [CrossRef]

Pallant, J. SPSS Survival Manual: A Step-by-Step Guide to Data Analysis Using IBM SPSS, 6th ed.; McGraw-Hill Education: London,
UK, 2020.

Hair, ].F; Risher, ].].; Sarstedt, M.; Ringle, C.M. When to Use and How to Report the Results of PLS-SEM. Eur. Bus. Rev. 2019, 31,
2-24. [CrossRef]

Henseler, ].; Hubona, G.S.; Ray, P.A. Using PLS Path Modeling in New Technology Research: Updated Guidelines. Ind. Manag.
Data Syst. 2016, 116, 1-19. [CrossRef]

Tabachnick, B.; Fidell, L. Using Multivariate Statistics; Pearson Education: Boston, MA, USA, 2013.

Gotz, O.; Liehr-Gobbers, K.; Krafft, M. Evaluation of Structural Equation Models Using the Partial Least Squares (PLS) Approach.
In Handbook of Partial Least Squares; Vinzi, V.E., Chin, WW.,, Henseler, J., Wang, H., Eds.; Springer Handbooks of Computational
Statistics; Springer: Berlin/Heidelberg, Germany, 2010; pp. 47-82. [CrossRef]

Hulland, J. Use of Partial Least Squares (PLS) in Strategic Management Research: A Review of Four Recent Studies. Strateg.
Manag. . 1999, 20, 195-204. [CrossRef]

Wong, K.K. Partial Least Squares Structural Equation Modeling (PLS-SEM) Techniques Using SmartPLS. Mark. Bull. 2013, 1, 1-32.
Lam, L.W. Impact of Competitiveness on Salespeople’s Commitment and Performance. J. Bus. Res. 2012, 65, 1328-1334. [CrossRef]
Franke, G.; Sarstedt, M. Heuristics versus statistics in discriminant validity testing: A comparison of four procedures. Internet Res.
2019, 29, 430-447. [CrossRef]

Wu, Z,; Jiang, M.; Cai, Y.; Wang, H.; Li, S. What Hinders the Development of Green Building? An Investigation of China. Int. J.
Environ. Res. Public Health 2019, 16, 3140. [CrossRef]

Singh, R. Does My Structural Model Represent the Real Phenomenon? A Review of the Appropriate Use of Structural Equation
Modelling Model Fit Indices. Mark. Rev. 2009, 9, 199-212. [CrossRef]

Frost, J. How to Interpret R-Squared in Regression Analysis. 2020. Available online: http:/ /blog.minitab.com/blog/adventures-
in-statistics-2 /regression-analysis-how-do-i-interpret-r-squared-and-assess-the-goodness-of-fit (accessed on 22 December 2020).
Cohen, ]. A Power Primer. Psychol. Bull. 1992, 112, 155-159. [CrossRef] [PubMed]

Ayalp, G.G.; Anag, M. A comprehensive analysis of the barriers to effective construction and demolition waste management: A
bibliometric approach. Clean. Waste Syst. 2024, 8, 100141. [CrossRef]

Darko, A.; Chan, A.P.C. Strategies for Promoting Green Building Technologies Adoption in Developing Countries: The Ghanaian
Case. Build. Environ. 2018, 130, 74-84. [CrossRef]

Aghimien, D.O.; Aigbavboa, C.O.; Thwala, W.D. Microscoping the challenges of sustainable construction in developing countries.
J. Eng. Des. Technol. 2019, 17, 1110-1128. [CrossRef]

Kamar, K.A.M.; Hamid, Z.A. Sustainable construction and green building: The case of Malaysia. WIT Trans. Ecol. Environ. 2011,
167, 15-22. [CrossRef]

Bester, ].].; Kruger, D.; Miller, B. South African Construction and Demolition Waste Procedure and Its Sourced Material Effects on
Concrete. Mater. Constr. 2017, 120, 02008. [CrossRef]

Courard, L.; Hubert, ]J. Overcoming Technical and Regulatory Barriers for a Better Circular Economy in construction in-
dustry. In Proceedings of the International Conference Progress of Recycling in the Built Environment, Weimar, Germany,
10-12 October 2023.

Fitchett, A.; Rambuwani, G. Waste Control in South African Construction Projects. Trans. R. Soc. S. Afr. 2022, 77, 105-112.
[CrossRef]

Pitso, A.; Mostafa, M.; Elsaigh, W. Incorporation of Recycled Concrete Aggregates as Road Pavement Material in South Africa.
Int. ]. Pavement Res. Technol. 2024, 1-9. [CrossRef]

Santolini, E.; Bovo, M.; Barbaresi, A.; Torreggiani, D.; Tassinari, P. LCA of Virgin and Recycled Materials to Assess the Sustainability
of Paved Surfaces in Agricultural Environment. J. Clean. Prod. 2023, 393, 136291. [CrossRef]

https://doi.org/10.3390/su18010046


https://doi.org/10.3390/su14105907
https://doi.org/10.3390/resources6040057
http://www.cidb.org.za/wp-content/uploads/2021/04/Construction-Monitor-Transformation-2020.pdf
http://www.cidb.org.za/wp-content/uploads/2021/04/Construction-Monitor-Transformation-2020.pdf
https://doi.org/10.5812/ijem.3505
https://doi.org/10.1108/EBR-11-2018-0203
https://doi.org/10.1108/IMDS-09-2015-0382
https://doi.org/10.1007/978-3-540-32827-8_30
https://doi.org/10.1002/(SICI)1097-0266(199902)20:2%3C195::AID-SMJ13%3E3.0.CO;2-7
https://doi.org/10.1016/j.jbusres.2011.10.026
https://doi.org/10.1108/IntR-12-2017-0515
https://doi.org/10.3390/ijerph16173140
https://doi.org/10.1362/146934709X467767
http://blog.minitab.com/blog/adventures-in-statistics-2/regression-analysis-how-do-i-interpret-r-squared-and-assess-the-goodness-of-fit
http://blog.minitab.com/blog/adventures-in-statistics-2/regression-analysis-how-do-i-interpret-r-squared-and-assess-the-goodness-of-fit
https://doi.org/10.1037/0033-2909.112.1.155
https://www.ncbi.nlm.nih.gov/pubmed/19565683
https://doi.org/10.1016/j.clwas.2024.100141
https://doi.org/10.1016/j.buildenv.2017.12.022
https://doi.org/10.1108/JEDT-01-2019-0002
https://doi.org/10.2495/st110021
https://doi.org/10.1051/matecconf/201712002008
https://doi.org/10.1080/0035919X.2022.2045383
https://doi.org/10.1007/s42947-024-00453-9
https://doi.org/10.1016/j.jclepro.2023.136291
https://doi.org/10.3390/su18010046

Sustainability 2026, 18, 46 28 of 28

112. Rodseth, C.; Notten, P.; Von Blottnitz, H. A Revised Approach for Estimating Informally Disposed Domestic Waste in Rural
Versus Urban South Africa and Implications for Waste Management. S. Afr. J. Sci. 2020, 16, 1-6. [CrossRef]

113. International Energy Agency (IEA). CO, Emissions in the Construction Sector. 2022. Available online: https:/ /www.iea.org/
reports/global-status-report-for-buildings-and-construction-2022 (accessed on 10 October 2025).

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

https:/ /doi.org/10.3390/su18010046


https://doi.org/10.17159/sajs.2020/5635
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2022
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2022
https://doi.org/10.3390/su18010046

	Introduction 
	Application of Industrial Waste in the Built Environment 
	Barriers to the Use of Industrial Waste in the Built Environment 
	Methodology 
	Findings and Discussion 
	Background Information 
	Application of Industrial Waste in Civil Engineering Projects in South Africa 
	Barriers to the Application of Industrial Waste in Civil Engineering Projects in South Africa 
	Strategies for Improving the Use of Industrial Waste in Civil Engineering Projects in South Africa 
	Discussion and Implications of Findings 

	Conclusions 
	References

