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Article

A Mine Closure Risk Rating System for South Africa

Megan ]. Cole

Future Water Institute, University of Cape Town, Cape Town 7700, South Africa; megan.cole@uct.ac.za

Abstract: Mine closure is a growing concern in mining countries around the world due to the as-
sociated environmental and social impacts. This is particularly true in developing countries like
South Africa where poverty, social deprivation and unemployment are widespread and environ-
mental governance is not strong. South Africa has 230 operating mines located in diverse natural
and social settings. Over 6 million people live in urban and rural mining host communities who
will be significantly affected by mine closure. The national, provincial and local governments need
guidance in identifying high-risk areas and relevant policy and programmatic interventions. This
paper describes the development of a quantitative mine closure risk rating system that assesses the
likelihood of mine closure, the risk of social impact and the risk of environmental impact of mine
closure for every operating mine in the country. The paper visualises the high likelihood of closure
and environmental impacts for numerous coal and gold mines, and the significant social risks in the
deprived rural platinum and chrome mining areas. The rating system was tested with 10 mines and
19 experts, and the resulting maps are communicated in an online South African Mine Closure Risk
and Opportunity Atlas. The risk ratings could be used in mine closure planning and management
by mining companies, consultancies, governments and affected communities. While this risk rating
system has been designed for South Africa, the methodology and framework could be applied to any

mining country in the world.

Keywords: mine closure; mining; social risk; environmental risk; likelihood of closure; indicators;
Africa; just transition; evidence-based decision-making

1. Introduction
1.1. Mining in South Africa

South Africa has a long history of mining which has played a significant role in the
location and development of settlements, infrastructure and the economy [1]. The mining
sector contributes 7.53% of GDP, employs 475,561 people (4.8% of formal sector) and paid
company tax of R73.6bn (USD4bn), royalties of R14.2bn (USDO0.76bn) and employee earnings of
R174.9bn (USD9.4bn) in 2022 [2]. South Africa is a globally leading producer of platinum and
palladium (74% of 38% of global production respectively) [3], chromium (36%), manganese
(36%) [4], zirconium (23%) [5], vanadium (9%) [6], diamonds (8%) [7], fluorspar (5%) [8],
gold (3.5%) [9] and coal (3.2%) [10] and also produces iron ore, nickel, copper, lead, zinc
and phosphate rock [11,12]. These commodities are mined at 230 underground and open
pit mines operated by 104 private mining companies, nearly a third of which are coal mines
while a quarter are platinum or chrome mines. These mines are supported or hosted by
over 360 diverse urban and rural communities, across South Africa, which are home to over
6 million people. These communities are situated in three metropolitan municipalities and
635 local municipalities that have a total population of 27.1 million [13].

Since large-scale commercial mining began in South Africa in 1852, mine closure
has occurred on a regional scale in the Okiep copperbelt (1852-1970s) and West Coast
diamonds (1926-2010) in the western Northern Cape province; three asbestos fields in
Mpumalanga, Limpopo and Northern Cape (1930-1980s); the Natal coalfields (1880-1980s);
the Wits goldfields (1886-1990s) in Gauteng, North West and Free State provinces; and
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Rooiberg tin (1907-1994) in Limpopo province (see Figure 1) [1]. The country’s mineral
wealth has not benefited communities equally and has had negative public health, safety
and environmental impacts [14-16]. The derelict and ownerless asbestos and gold mines
have been the focus of government rehabilitation efforts, but more needs to be done and
the widely held view is that industry and government are not effectively managing mine
closure [17-19] or providing sufficient socio-economic benefits to mining regions [20-22].
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Figure 1. Map of South Africa’s provinces and areas of historical mine closure.

Numerous coal mines are expected to close in the near future as the coal fields in
Mpumalanga province are depleted and climate change limits coal investment; there is
significant domestic and international pressure for a ‘just transition” to clean energy that
ensures that the mine workers and host communities are not left behind [23]. Similarly, the
shift to electric vehicles may see a decline in platinum demand and result in mine closures
in the high-cost underground mines in North West and Limpopo provinces. In other
regions within South Africa, the increased global demand for so called ‘energy transition
minerals’ is seeing increased exploration and development of manganese, copper, iron ore,
base metals, vanadium and rare earth minerals, which are necessary for green energy and
e-mobility technologies [24].

1.2. Mine Closure

Traditionally, mine closure has been seen as the end of a process—the final stage in
the mining life cycle. There is a shift underway to seeing mine closure as a transition that
acknowledges the multi-faceted role that mines play in local and regional economies, as
well as the complex impacts, contributions and interrelationships that occur with society
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and governments [25]. The importance of mining companies building and sustaining rela-
tionships with local government and communities affected by mine closures is growing [26],
and early stakeholder participation and continuous mine closure planning increases the
success of social investment programmes [27].

Mining operations are affected by numerous environmental, social and governance
(ESG) risks at multiple levels [28], and there are several factors that can influence when a
mine closes. The major causes of mine closure are financial and economic, namely, price
drops, high costs, resource exhaustion or depletion, declining grades and loss of markets;
while other causes are adverse geological and/or geotechnical factors, voluntary adminis-
tration, flooding, political decisions, and health and safety concerns [29]. In South Africa,
gold and platinum mines have been negatively affected by price drops and escalating costs
of deep underground mines, while gold, copper and coal mines have closed due to resource
exhaustion [30,31], tin mines closed when the price collapsed [32,33] and asbestos mines
were closed when the serious health implications were understood [34].

Globally, there are major concerns around potential impacts of future mine clo-
sures [35], and current best practice is that mine closure planning starts at the onset of
mining activity and continues throughout mining operations [36]. Closure planning must
consider environmental and socio-economic impacts and include economic diversification
and succession planning, which have historically received little attention [15].

1.3. Mine Closure Risk

Managing risk is central to enabling a transitions-based approach to mine closure [25].
A key goal of mine closure for regulatory authorities and industry is the removing or
reducing liability for residual risks and generating confidence for future environmental,
social and economic management (ibid). Risk assessment and its application to mine closure
have therefore increasingly become more important in mine planning [36,37]. Mine closure
guidelines generally agree that effective data collection ensures that risks are managed
and monitored [38-40], although the emphasis continues to be on environmental risk
performance indicators, with socio-economic risks often understated [40—42].

The environmental and socio-economic risks associated with mine closure are signif-
icant and are affected by several inter-related factors. Mine closure can have significant
environmental impacts on biodiversity, land and water resources involving water pollu-
tion, air pollution and land degradation. The most well-known risks in South Africa are
acid mine drainage from gold and coal mines and tailings dam failures (most recently,
Jagersfontein diamond tailings dam). Global assessments show that mining often operates
near biodiversity-protected areas [43], water bodies [44,45] and sensitive land [46]. Mine
closure can have significant social and economic impacts, including direct and indirect job
losses; economic downturn in the communities and even the wider region; basic services
disruption if the mining company was supporting or supplying services; and illegal mining
which creates an unsafe environment for local residents [36,47,48]. Illegal mining in South
Africa is focused on closed gold and diamond mines near populated areas.

The exposure to these hazards depends on how many people are affected, i.e., the
population of mining host communities, and it is therefore very important how they are
defined. The vulnerability or resilience of a community affects how well it can cope with the
economic shock of mine closure, and local infrastructure and business activity determine
post-closure economic prospects. Analysis of job prospects for coal mine workers in South
Africa leaving mining show the majority are not employable or have low employability
prospects [49]. Similarly, the financial and human resource capacity of local government
authority affects its ability to cope with mine closure, and the resulting loss of revenue
and analysis of audit reports in South Africa show most municipalities will struggle to
cope [23]. Given these complexities, guidance is needed for national, provincial and local
governments in identifying high-risk areas to mitigate these risks on a case-by-case basis.

This paper describes the development and proposition of a new Mine Closure Risk
Rating System for South Africa, which has three components—likelihood of mine closure,
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social risk and environmental risk of closure. Section 2 provides the methodology for
the development of the rating system which includes diverse influencing factors and
their measurable indicators, weightings and categorisation, case studies and expert input.
Section 3 provides the quantified results for each risk rating for all operating mines in the
country, which are mapped in ArcGIS Pro. Section 4 discusses the measurement of mine
closure risk, data gaps and future research, communication, stakeholder engagement and
evidence-based decision-making, while Section 5 concludes the paper.

2. Methodology

The methodology used to calculate mine closure risk ratings for all operating mines
in South Africa is captured in Figure 2, which gives an overview of the risk rating system
developed in this study. Each element is described below.

Likelihood of closure Social risk Environmental risk

Influencing factors Influencing factors Influencing factors

Indicators Indicators Indicators
Weightings Weightings Weightings

Risk categories Risk categories Risk categories

Testing with case studies

Figure 2. Mine closure risk rating framework.

2.1. Influencing Factors, Indicator Selection and Data Collection

Risk is the possibility or likelihood of loss or harm and incorporates exposure to a
hazard. In this study three components of risk are assessed for all operating mines in South
Africa: the likelihood of mine closure, the likelihood and impact of social loss/harm from
mine closure to mining host communities, and the likelihood and impact of environmental
loss/harm from mine closure. Each component has a set of influencing factors which deter-
mine overall risk and were identified through literature review, case studies, a stakeholder
workshop and expert interviews. Each influencing factor was measured using one or two
indicators, where the criteria for indicator selection were: ‘Is the indicator the best available
direct measure of the influencing factor?” and ‘Are there sufficient reliable data that are
measured for the whole country?’

The primary datasets for the rating systems are the 221 operating mines, the 360 mining
communities, and 61 municipalities which have been built up over the past five years by
the author [23,28,50,51] and expanded based on more recent mining company reports and
community profiles in the 2011 Census. Secondary data were collected from numerous
open-source national datasets identified below.
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2.1.1. Likelihood of Closure

Seven factors influencing the likelihood of mine closure in South Africa were identified
and are described below. Two factors, ‘social licence to operate” and ‘political dynamics’,
could not be quantified. Data were collected largely from company websites, company
Social and Labour Plans, SLPs, (a South African regulatory requirement), and company
annual reports on mineral resources and reserves (MRR).

Life of Mine: Each mine has a stated design life, the Life of Mine (LOM), which is
the expected years of mine production based on the latest assessment of a mine’s mineral
reserves. It is essential information for mine planning and investor reporting and should
be shared with mining host communities. It includes a detailed assessment of economic,
financial, technical and environmental factors and is normally reviewed annually, so is
subject to change during the design life of the mine. Mine extensions (often from open pit
to underground) can increase the life of mine considerably. It is the most important factor
in determining likelihood of closure. Not all mines publish their life of mine figures, and
where there were gaps, the highest risk rating was given, assuming the mine is operated by
a junior miner on a small scale with a short life of mine.

Mineral Resources and Reserves: South Africa’s SAMREC Code provides minimum
standards, guidelines and recommendations for the public reporting of exploration results,
mineral resources and reserves [52]. The framework differentiates between an “exploration
result” with little information and low confidence in the basic geology; a ‘Mineral Resource’
estimate where a geological model is developed, with reasonable prospects for economic
extraction; and a ‘Mineral Reserve’, which is an economically feasible project based on
technical, economic, marketing, legal, environmental, social and governmental factors
(Modifying Factors). Different commodities use different units in their MRR reporting due
to the nature of the orebodies (e.g., million tonnes for coal but ounces for gold); therefore,
five categories ranging from ‘very large’ to ‘very limited” were developed in order to
compare and rate the mines. Where no MRR was reported, the highest risk rating was
given as it is likely that it is a smaller mine with limited reserves.

Commodity markets: Each commodity has different domestic and international markets
that influence the commodity price and future demand, and thus the economic value of each
mine’s MRR. Changes in the commodity markets have a significant impact on when a mine
closes, and whether that is permanent or temporary closure. For example, when the tin price
crashed in the 1970s, tin mines closed down rapidly across the world [32], and the huge
variations in the gold price have seen mines close and reopen as viability changes [47]. With
the threat of climate change and the need to reduce greenhouse gas emissions, coal mines
are likely to close sooner than expected, whereas copper mines are reopening as demand for
energy transition metals rapidly increases [53], and new manganese mines have opened up
rapidly in South Africa [54]. As there is so much uncertainty in the future commodity markets,
each commodity was given a category: ‘high growth’, ‘growth’, ‘stable’, “decline’ or ‘rapid
decline’, based on reliable market forecasts [55-57].

Operating costs and mining methods: The operating costs of mining operations vary
significantly due to grade, mining method, depth of operation, recovery, labour efficiency,
the use of subcontractors and input prices [58]. Conventional deep underground operations
(like South African gold and platinum mines) are high-cost operations as they require
refrigeration for ventilation and rock support, while mechanised operations are lower cost
operations due to economies of scale. Mineral processing or treatment costs vary depending
on the type of ore and the complexity of the process [59]. Industry cost curves can be plotted
at a company or site level to facilitate cost comparisons [60]. Due to insufficient cost curves
to generate a rating, mining method was used as a proxy for operating cost. The five main
kinds of mining methods used in South Africa were rated, namely, open pit mining (usually
low cost, low grade deposits), also called open cast mining; strip mining (most common
method in coal mining); dredging (aquatic environments like ocean or river floors, often
used for diamonds and heavy mineral sands); conventional underground mining used for
deeper deposits (usually higher grade, higher cost deposits for coal, gold and platinum); and
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large-scale mechanised underground mining, which includes long-wall mining, sub-level
caving and block caving (used for coal, diamonds and copper).

Company type: The type and size of a company partly determines its ability to
accommodate changes in price, demand, operating costs and other factors that affect
a mine’s financial viability. The larger companies are much more likely to weather a
downturn than the smaller mining companies. Internationally, mining companies are
categorised as majors, mid-tier producers and juniors, with majors usually have a market
capitalisation of over USD 1 billion. The term “juniors” generally refers to exploration
or prospecting companies only involved in the early stages of mining development, but
in South Africa the term has a wider meaning and includes exploration companies and
mid-tier producers. The term “emerging miners” is used in South Africa to refer to smaller
companies involved in the early phases of mining exploration or in the early developmental
stage i.e., smaller producing companies and contractors [61]. Three categories were used for
the rating—majors, juniors and emerging miners—and are based on the Minerals Council
South Africa report on juniors and emerging miners, which categorises all operating mines
listed by the Department of Mineral Resources and Energy (ibid).

Social licence to operate: The relationship between the mining company and the
local community can be a risk to mine operations. Protests about environmental pollution,
damage, noise, jobs and local procurement are common in South Africa and are known to
bring operations to a halt and result in significant loss of revenue, jeopardising the viability
of the mine. Ideally the number and type of protests per mine would be measured across
the country; however, these data are not currently available in a comprehensive form and
could not be included.

Political dynamics: National and local politics can promote or hinder investment in
mining operations, with corruption, political interference, political instability and regula-
tory uncertainty all deterring investment in mine expansions, thus leading to premature
mine closure. The regulatory uncertainty and national politics apply equally to all mines in
the country, so are not included as an indicator. It is difficult to measure political dynamics
at the local level; thus, an indicator has not been included at this stage but should be
investigated further.

2.1.2. Social Risk of Mine Closure

Mine closure can have significant social impacts on host communities and municipali-
ties. The vulnerability or resilience of a community affects how well it can cope with the
economic shock of mine closure—whether it is sudden or a long time in coming. Similarly,
the capacity of the local government authority affects its ability to cope with mine closure
and the resulting loss of revenue. Eight factors influencing the social risk of mine closure in
South Africa were identified, and six were quantified with indicators. Data were collected
from Statistics South Africa (StatsSA) household surveys, company websites and SLPs,
local municipality publications and Auditor-General reports.

Mining host community population: The mining host community for each mine was
identified based on its location and proximity to the mine, whether it is home to mine
employees or is a beneficiary of the mine’s SLPs, and an assessment of the community and
area in Google Earth. Setting a specific radius was not used as it can exclude communities
that are close neighbours to other communities included in the definition. For data collec-
tion, ‘main places” and ‘sub places’ defined by StatsSA for the 2011 census were used. Main
places are small towns, townships, villages and suburbs in large towns and cities. They
are subdivided into ‘sub places’, which can be specific areas like mines and compounds in
urban and non-urban areas.

Social vulnerability: Fourteen indicators were used (see Table Al) to determine a
score for social well-being in each mining host community, expanding on previous work
by the author [50,51]. The indicator selection was based on the Sustainable Development
Goals (SDGs), the South African Index of Multiple Deprivation (SAIMD) [62] and on data
availability at the local level, i.e., in the national census. They cover income, household
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goods, health, education, gender equality, water access, sanitation, electricity access, clean
cooking fuel, employment, housing, refuse removal and internet access. Census data at
main place and sub place level in StatsSA’s SuperCross Census 2011 Community Profile
Database were obtained from DataFirst, which provides access to household survey data
in Africa (DataFirst, 2015). The individual values were equally weighted and combined
into an overall well-being score for each community and assigned to each mine.

Direct mining jobs: The more mine workers there are in a community, the bigger the
social impact will be when a mine closes. Although most of the major mining companies
report the current number of employees in their annual reports and on their websites,
the junior and emerging miners do not. Instead, the Census 2011 data on employment in
mining and quarrying per main place were used. This is not ideal as it usually gives higher
numbers than the individual mine accounts for, and thus it has been given a low weighting.
This dataset should be updated with the Census 2022 community database. An alternative
indicator is the percentage of jobs in mining and quarrying to reflect the varying impact on
the area. Future research should seek to obtain job numbers for individual mines.

Indirect mining jobs: Operating mines form part of a much bigger value chain, relying
on upstream and downstream industries. They have a multiplying effect on employment
which can be estimate at the national and regional level. Data do not exist yet at the mine
site level and therefore are not included in the rating.

Dependency ratio: The dependency ratio relates the number of children (aged 0-14)
and the number of older persons (aged 65 and over) to the working age population (persons
aged 15-64). The ratio highlights the potential dependency burden on workers—a high
dependency ratio indicates that the economically active population and the overall economy
face a greater burden to support and provide the social services needed by children and by
older persons who are often economically dependent [63]. This ratio was calculated for
each community using the Census 2011 dataset and should be updated with the 2022 census
data at the main place level.

Skills and education levels: The skills and education levels of mine workers and
community members will affect their ability to find employment or create a business after
the mine has closed down. SLPs provide detailed information about skills levels of all mine
employees; however, the majority of SLPs are not publicly available. There is no available
national skills dataset that could be used for the mining communities; thus, research is
needed before this can be include in the rating.

Local economy: Mines can have a significant impact on a local economy through
supply chain procurement and mine employee expenditure. Gross Value Added (GVA)
measures the contribution of a corporate subsidiary, company, or municipality to an
economy, producer, sector, or region, and is often reported on an annual basis in local
municipality Integrated Development Plans (IDPs). As not all IDPs report this figure, an
alternative dataset was used. stepSA provides local economic data in a national spatial
dataset using CSIR’s mesozones (a complete grid of 25,000 spatial units ~50 km?) and
economic data by sector [64]. This gives an indicator of economic production per sector
expressed in Rands per mesozone. The mine dataset was overlaid on the mesozones in
ArcGIS Pro.

Local municipality audit findings: A local government’s ability to cope with mine
closure and to mitigate the risks can be assessed through its current financial performance.
Each year, the Auditor-General of South Africa (AGSA) assesses the financial management
and performance management of all the country’s municipalities and rates them accord-
ing to set definitions [65]. These ratings were assigned to each mine based on the local
municipality that they are located in.

Crime and Safety: Illegal mining and the associated crime can be a consequence of
mine closure. Some commodities like diamonds and gold are more prone to illegal mining
as the valuable minerals and metals are easy to extract. The approach taken by the national
and local police force is critical in whether illegal mining takes place but is hard to measure.
Illegal mining often opens up mine shafts and pits to the public, which poses a safety
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hazard. Similarly, poorly rehabilitated mines can also pose safety and health risk to mining
communities, but this is hard to predict. There is no available national dataset, which is an
area for future research.

2.1.3. Environmental Risk of Mine Closure

Mine closure can have significant environmental impacts on biodiversity, land and
water resources involving water pollution, air pollution and land degradation. Determining
a risk rating for each mine is complicated due to the mismatch of scales and the uncertainty
over extent of impact. Nine influencing factors were identified, and seven measurable
indicators were defined.

Duration of mining: The longer a mine has been operating, the greater the likelihood
of environmental impact. The start date of each mine, and any periods of temporary closure,
were determined from in-depth research into mines and host communities based on the
author’s previous research [1,51] to calculate the total duration of mining for each mine
in years.

Threat status of terrestrial ecosystems: The National Biodiversity Assessment of
2018 delineated areas of different ecosystem threat status across the country for terrestrial,
aquatic and marine ecosystems [66]. The author’s mine location dataset was overlaid on
the threat status for terrestrial ecosystems shapefile provided by the South African National
Biodiversity Institute (SANBI) BGIS portal in ArcGIS Pro (desktop GIS software developed
by Esri) to provide a status for each mine.

Distance to protected areas: In South Africa, protected areas are defined and main-
tained by the South African Department of Forestry, Fisheries, and the Environment (DFFE)
and SANBI. The author’s mine location dataset was overlaid on the latest 2023 protected
areas shapefiles [67], and the distance from each mine to the nearest protected area was
measured in ArcGIS Pro.

Distance to Strategic Water Source Areas: Mining often negatively impacts on local
and regional water resources. In South Africa, surface and groundwater Strategic Water
Source Areas (SWSA) have been identified [68]. The authors’ mine location dataset was
overlaid on the SWSA shapefiles provided by SANBI's BGIS, and the distance from each
mine to the nearest SWSA was measured in ArcGIS Pro.

Mine Water Threat: The South African Mine Water Atlas provides risk ratings for each
quaternary river catchment that lies within the boundary of assessed mineral provinces [69].
It is presented as key thematic maps including “mineral risk” indicating the assessed risk of
acid production and/or leaching of constituents, “groundwater vulnerability” and “surface
water threat” reflecting the vulnerability of those water sources to the type of mining
activities (depth of mining is considered to have major varying impacts on aquifer systems)
and “mine water threat” which combines all the factors into a risk rating [69]. These
threats are rated from ‘low or insignificant’ to ‘moderate low’ to ‘moderate’ to ‘high” and
to “very high’ (ibid). The groundwater vulnerability ratings are separated into surface
mining (<100 m below ground level) and underground mining (>100 m below ground
level). The mine water threat risk ratings for groundwater (surface mining), groundwater
(underground mining) and surface water were determined for each mine in ArcGIS Pro
by overlaying the mines dataset on the relevant shapefiles and then combined to give a
cumulative mine water threat rating.

Agricultural production and land capability: Agriculture can be significantly hindered
by mining and mine closure through water and air pollution and land degradation. The
current agricultural production gives an indication of the potential negative environmental
impact of mine closure. Insufficient data could be sourced to measure agricultural production
at the local level, so the national land capability classification was used instead. It uses soil,
climate and terrain to differentiate between arable land suitable for cultivation (classes I, II
and III), marginal land suitable for light cultivation (classes 1V), grazing land (classes V, VI
and VII) and wilderness (class VIII) [70]. Mine locations were overlaid on the national land
capability map in ArcGIS Pro [71] to determine the land capability class for each mine.
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Waste stability: Many large-scale mines produce significant amounts of waste rock
and billions of tonnes of mine tailings (a slurry of rock, water and chemicals) stored in
dams or tailings storage facilities (TSFs), which have the potential to fail if not designed
or managed properly [72]. Factors affecting the stability of TSFs include exposure to
earthquakes, tropical cyclones, high winds, heavy rainfall and steep terrain, and these
five factors can be measured with global datasets and combined to form a TSF failure risk
rating [73]. In addition, post-closure design life of the TSF, key design elements of the TSF
such as spillways and management of the TSF are important factors to consider. A waste
stability rating was not included in this version of the rating system due to an incomplete
TSF and waste rock dump dataset, and this is an area of future research.

Waste volume: The total volume of rock waste dumps and TSFs at each mine affects
the potential environmental impact in terms of water pollution, dust pollution and risk of
failure [72]. This is a difficult parameter to measure although the Global Tailings Portal
now provides information for the major mining companies [74]. Separate research projects
are underway to develop this further for South Africa (e.g., [54]), and an indicator was not
included in this rating.

Capacity and approach of mining company: The capacity and management approach
of the mining company responsible for closure will determine the effectiveness of rehabil-
itation and water and waste management during the closure process. This is difficult to
measure, and an indicator was not included at this stage but should be investigated. The
presence of a risk assessment in the mine closure plan could be assessed. The financial
provisions for each mine, a regulatory requirement in South Africa, should give an indica-
tion of the ability of the mine to undertake effective rehabilitation, but the data are hard
to find and require further research. The capacity of government to monitor and enforce
environmental regulations was not included as a factor as it is a national government
function and therefore the same for all mines.

2.2. Calculations, Weightings and Visualisation

The risk rating for each component was calculated for all operating mines based on
the indicators and data described in the previous section. A rating scale from 1 (very low
risk) to 5 (very high risk) was developed by the author for each indicator, and a weighting
was applied based on the literature, statistical analysis of all mines in Microsoft Excel, and
expert input. The five rating categories were assigned based on analysis of all the mines
and sub-division into five quintiles of roughly equal numbers. The weighted indicators for
each risk rating were combined to create an overall score, shown in the equation below,
which was categorised in the same way. The results were plotted on maps in ArcGIS Pro
and colour-coded with warm to cool colours to enable communication and analysis.

Risk rating = F1 xw1 + F2xw2 + F3xw3 + F4xw4 + F5xw5 D)

where

F is the influencing factor indicator;
w is the weighting for the influencing factor indicator.

2.3. Case Studies

The risk ratings were tested against four case studies of post-closure land use that
included 10 operating mines with very diverse geographical contexts, mining methods,
life of mine, and commodities [75]. The Impact Catalyst in Limpopo province project
explores integrated game farming, agriculture and agro-processing initiatives to align
with the platinum mine rehabilitation plan. The Community of Practice project explored
the use of industrial crops for gold mine rehabilitation and downstream industries using
multi-products from fibre and phytoremediation. The regional Bokamoso Ba Rona project
in the West Rand goldfield proposes a multi-stakeholder collaborative approach for post-
closure land use to create large-scale regenerative agriculture projects. The Green Engine
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in the Witbank coalfield in Mpumalanga province integrates post-mining land use, wate
management, agriculture water treatment and industrial development. This testing using
case studies improved the rating systems and ensured that the results reflected reality.

2.4. Expert Review

A draft risk rating was presented to the research project reference group—comprising
eight academic, government and industry experts with significant experience in the field
of mine closure—for feedback. The risk rating system was revised based on their input
and presented in an online stakeholder workshop in March 2023. Over 70 mine closure
experts in the mining industry, consulting, academia, civil society, and government were
invited, and 32 confirmed their attendance. Although only 15 people attended on the
day, they represented a balanced spread across academia, consulting, civil society and the
mining industry. Participants were asked to answer questions about each draft risk rating
using Zoom’s Advanced Poll functionality. At the end of the workshop, the participants
were asked whether they would be willing to participate in expert interviews and if they
could suggest further resources that could contribute to the development of the risk rating
system. All of the participants completed all of the polls, and many of them gave additional
feedback at the end of the workshop. One major advantage of holding an online workshop
was that it ensured that all stakeholders voices were heard. It also meant that the workshop
was recorded, and all the input was received in a digital format that is easy to analyse.
The results from the workshop were collated and analysed and used to improve the risk
rating system. Follow-up semi-structured interviews were conducted with four experts in
local government, multilateral agencies, and an industry association to further refine and
improve the rating system. The expert feedback on influencing factors and indicators from
all the engagements was used to revise and improve the risk rating system.

3. Results
3.1. Operating Mines and Mining Communities

The risk ratings were based on an evolving database of operating mines (not quarries
or alluvial diggings) and mining host communities in South Africa, developed over the past
five years by the author [23,28,50,51]. The operating mines dataset includes mine name,
province, local municipality, location, commodity, owner, mining duration, life of mine, host
communities and population, well-being score, and information required to generate the
risk ratings described in this paper. The list of operating mines, their data and the ratings
generated in this study are given in Supplementary Material Table S1. The operating mines
and host communities are summarised in Tables 1 and 2 and mapped in Figure 3.

Table 1. Summary of all operating mines and their host communities in South Africa.

Commodity Operating Mines Mining Companies Host Communities * Population in 2011
Gold 33 8 61 1,538,739
Coal 78 32 89 2,638,804

Platinum 46 14 127 1,081,691
Chromium 21 11 50 680,638
Diamonds 9 6 21 498,645

Iron ore 7 8 6 92,339
Manganese 20 18 8 37,765
Vanadium 2 2 70,055

Copper 1 1 18 70,312

Nickel 1 2 1 582
Lead-Zinc 2 2 2 2262

10
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Table 1. Cont.

Commodity Operating Mines Mining Companies Host Communities * Population in 2011
Titanium 4 3 3 63,193
Fluorspar 3 3 2 16,092

Phosphate rock 2 2 9 138,377
Rare earth minerals 1 1 1 650
TOTAL 230 104 367 6,243,010

* Note some communities have more than one commodity.

Table 2. Summary of all mining host local municipalities and metropolitan municipalities.

Province Number of Municipalities Municipal Population in 2022 Number of Operating Mines
Free State 5 859,736 13
Gauteng 9% 14,966,638 19
KwaZulu-Natal 8 1,910,224 10
Limpopo 10 2,008,369 38
Mpumalanga 14 3,360,406 70
North West 8 2,481,414 46
Northern Cape 10 750,156 30

Western Cape 2 223,678 4

TOTAL 66 26,534,859 230

* Includes 3 metropolitan municipalities.

Legend

Commodity
® coal
gold
® platinum
® chromium
® diamonds
® ironore
® manganese
copper
nickel
® fluorspar
@ titanium minerals
wanadium
® lead-inc
phosphate rack
rare earths

Figure 3. All operating mines in South Africa.

3.2. Likelihood of Closure

The likelihood of closure risk rating is shown in Table 3, and results for all operating
mines are displayed on the map in Figure 4. The map shows clearly the high risk of closure

11
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in the Mpumalanga coal fields, the majority of gold mines and a few chrome mines on the
Western Limb of the Bushveld Complex in North West province. The minimum rating was
1.2, the maximum rating was 4.8 and the average was 3.3. Of the 32 mines with a ‘very
high’ rating, 29 are coal mines and three are gold mines. The mines with ‘high” ratings are
predominantly coal, gold and chromium mines, along with 10 relatively new manganese
mines operated by emerging junior miners with limited published information, which may
skew the results as the highest rating was assumed for data gaps.

Table 3. Risk rating system for likelihood of mine closure.

Influencing Risk Rating o
. Weighting
Factor/Indicator 1—Very Low 2—Low 3—Medium 4—High 5—Very High
Life of Mine >40 20-40 11-20 5-10 <5 0.50
Ore reserves and Very large Large Moderate Limited Very limited 0.20
Resources
Commodity market High growth Growth Stable Decline Rapid decline 0.10
Mining method . . . Mechanised Conventional
(operating cost) Dredging Strip Open pit underground underground 0-10
. . Emerging
Company type Major Junior miner 0.10
Legend
Likelihood of Closure
® Very Low
®  Llow
Medium
® High
Very High
L]
0 125 250 500 km
S T T Y S T S B |

Figure 4. Likelihood of mine closure rating for all operating mines in South Africa.

3.3. Social Risk of Closure

The socialrisk rating system is shown in Table 4 and the results calculated for all
operating mines are displayed on the map in Figure 5. The map shows highest risk for
mines surrounded by rural villages and lowest for mines near to cities. The mines with
the “very high’ ratings are almost all platinum and chromium mines in North West and
Limpopo provinces, as they are surrounded by deprived rural villages and have very large

12
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workforces. Notable exceptions are the copper and phosphate mines in Phalaborwa, which
are two of the most remote mines, and two coal mines in eastern KwaZulu-Natal, which all
have deprived rural communities. The manganese mines in Northern Cape have a ‘high
rating” due to their deprived rural communities and remote location. Although most gold
mines have large workforces, their communities are better off with lower dependency ratios,
and they are close to cities, so they have a ‘Medium’ rating. Similarly, the remaining coal
mines are categorised as ‘Low” or “Very low” because they are hosted by small towns near
cities, with higher levels of social wellbeing and lower dependency, and their workforce is
relatively small compared to gold and platinum mines. These ratings are a first attempt at a
national comparison of social risk and will require further testing and analysis in the future.

Table 4. Risk ratings for socio-economic impacts of mine closure.

Risk Rating
Influencing . ichti
Indicator 1—Very L 3—Medi 5 Very High  Weighting
Factor ry Low . . edium T . ery Hig
Risk 2—Low Risk Risk 4—High Risk Risk
Population at Community <5000 5000-30,000 30,000-60,000  60,000-100,000 >100,000 0.2
risk population
Social Social well-being
vulnerability score >8 78 67 -6 < 01
D“ecjt)g:m“g Number of jobs <500 500-1000 1000-3000 3000-5000 >5000 03
Local economy GVA in local <10% 10-25% 25-50% 50-75% >75% 0.2
dependence municipality
Remoteness Distance to 0-25 km 25-50 km 50-100 km 100-200 km >200 km 0.05
nearest city
Government Local Disclaimed or
capacit municipality Clean Unqualified Qualified Adverse Not finalised 0.1
pactty audit finding
Legend

Mines
Social Risk Rating
®  Very Low
Low
Medium
High
® Very high

I

.0

Figure 5. Social risk of mine closure rating for all operating mines in South Africa.
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3.4. Environmental Risks

The environmental risk rating system is shown in Table 5 and the results calculated
for all operating minesare displayed on the map in Figure 6. The map shows very high
and high risk for gold and coal mines because of the risks of acid mine drainage to water
resources and degradation of arable land. There are several platinum mines on the Western
Limb in the North West province that also receive a high rating largely due to the threat
to arable land, terrestrial ecosystems and protected areas. The lowest-risk areas are in the
Northern Cape, where there is no arable land and the least threatened ecosystems, and
Limpopo, where the mine water threat is low and there are no endangered ecosystems.

Table 5. Risk ratings for environmental impacts of mine closure.

a Risk Rating
Influencing . s
Indicator 1-Very L 3—Medi 5—Very High  Weighting
Factor ry Low . . edium e . ery Hig
Risk 2—Low Risk Risk 4—High Risk Risk
Mining Total years of
duration production 0-25 years 26-50 years 51-75 years >100 years 0.20
Terrestrial Criticall
ecosystem threat Least concern Vulnerable 4 0.05
Threat to status endangered
biodiversity
Distance to nearest >40 km 20-40 km 10-20 km 0-5 km 0.05
protected area
Distance to nearest
Th Strategic Water >40 km 20-40 km 10-20 km 0-1 km 0.10
reat to water Source Area
resources
Mine water .
threat—total Low Moderate Low Moderate Very high 0.10
Threat to Land canabili VI VLVIGrazing IV Marginal b igh- 010
arable land P y Wilderness land land afable land ’
Legend

Environmental Risk
Rating

& \Very low
® low
Medium
High
Very high

Figure 6. Environmental Risk Rating Map for all operating mines in South Africa.
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3.5. Case Studies

In order to test the draft risk rating system, the three ratings were calculated for
all 10 mines in case studies. These mines have very diverse mine plans, social contexts
and environmental settings, ensuring robust testing of the ranges and categories. The
results given in Table 6 show “very high’ likelihood of closure for Khwezela coal mine
and ‘high’ likelihood for Kusasalethu gold mine, which is due to close next year but has
ore reserves that could extend the mine plan to 2037 if economic and political conditions
improve. They show ‘medium’ likelihood for four other conventional underground gold
mines, ‘low” likelihood for the three new mines (two being highly mechanised gold mines
that previously closed due to low gold prices and high operating costs), and ‘very low’
likelihood for Mogalakwena, which has a life of mine of over 70 years and low operating
costs. The social impact risk ranges from low risk in some gold mines, with relatively
better off communities located near the Gauteng metropolitan areas, to very high risk in
Mogalakwena platinum mining areas in Limpopo, where the mines are surrounded by
many very deprived communities with high dependency ratios. The environmental risk
ratings range from very high for the gold mines located in Strategic Water Source Areas or
areas with more threatened ecosystems or better arable land to low in the Mogalakwena
platinum mining area, where there are low threats to water resources and ecosystems and
the mines have been operating for a much shorter time.

Table 6. Risk ratings for all mines in the case studies.

Mine Commodity Mine Type Mining Region CLli;(selii:(;?fti(r):g Solc{i;Iirll{gisk E%:ifﬁ::g;al
Mogalakwena - Open pit Northern Limb, Very low Very high Low
Ivanplats e xzz&;loiieil Limpopo Low High Low
Mponeng Medium Low Medium
Kloof Conventional Medium Medium High
Driefontein underground Far West Rand, Medium Medium Very high
Kusasalethu Gold Gauteng High Low Medium
South Deep Mechanised Low High High
Blyvoor underground Low Low Medium
Doornkop Sﬁggf;gi?&l \Aée:’;ﬁ;r;d, Medium Medium Very high
Khwezela Thermal coal Open pit M}Z\f::;llr; lr(llga Very high Medium High

4. Discussion
4.1. Measuring Risks Related to Mine Closure

This paper has described the development of a comprehensive mine closure risk rating
system for South Africa and the quantification of three mine closure risk ratings for all
operating mines in the country.

The likelihood of closure map identifies mines and areas where mine closure is highly
likely and needs immediate attention. Out of the 221 operating mines that were rated, 48 are
expected to close within 10 years, based on their current life of mine. This map is beneficial
for government officials at local, provincial and national levels for policy, planning and
budgeting, as well as for mining host communities that will be affected by closure. The map
also shows that there are significant ranges in likelihood of closure within commodities
and between commodities, and assumptions should not be made about imminent mine
closure purely based on narratives around certain commodities. For example, gold mines
that have been converted from conventional to mechanised mining now have long life of
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mines unlike their neighbouring conventional mines that are facing closure in the short
term. This is important for the contested ‘just transition’ narrative in South Africa where it
is assumed that coal mines will be forced to close, whereas it is much more likely that they
will operate until the end of their current life of mine [23].

The social risk map reflects the potential negative impact that mine closure will have
on neighbouring communities. There are at least 360 mining host communities in South
Africa, but they have very diverse characteristics in terms of living standards and location.
For example, those communities located in urban hubs with diverse economies will be
less affected than the rural communities in remote areas. More importantly, historically
disadvantaged communities (rural villages and townships) are still more deprived today
and are much more vulnerable to mine closure and its resulting job losses and economic
downturn. Given South Africa’s extreme inequalities, it is essential that, when site-specific
studies are done on social risk of closure, the socio-economic baseline of each individual
community is taken into account.

The environmental risk map reflects the potential negative impact that mine closure
will have on the natural environment and enables the prioritisation of mitigation and
intervention measures by mining companies and government. The focus of this risk rating
system is to compare risks across all mine sites, and therefore it requires comprehensive,
national standardised datasets. It does not account for localised environmental concerns
although the general themes are captured in the risk rating. Ideally, once the high-risk
mines are identified, detailed environmental assessments should be undertaken for each
site. In South Africa, many of these reports commissioned by mining companies for mining
licences are publicly available and can be used for further investigations.

4.2. Data Gaps and Future Research

It is important to note that this risk rating system is intended as a first version of a
proposed risk framework for South Africa, and it is expected that it will be reviewed and
improved over the years to come. While 17 indicators could be measured and quantified
with existing or developed national datasets, there were gaps and opportunities for adding
further aspects to the risk ratings. For likelihood of closure, ideally the operating cost of
every mine should be captured instead of the mining method proxy used here, and more
definition on mining companies would improve the accuracy of the company stability
indicator. For social risk, the social data on communities came from the 2011 census, the
only local-level national dataset. This should be updated when the 2022 census database is
published. For environmental risk, threat to agricultural production, waste volumes and
tailings dam failure risk all require comprehensive national datasets to be used in the rating
system. Potentially a separate National Waste Atlas could be developed to focus on the
risks and opportunities related to mine waste facilities [54]. Finally, given the huge impact
of governance on mine closure outcomes, a governance risk component could be added
to the risk rating system. This would look at corporate governance, local government
capacity and provincial policy. If the rating systems were expanded to other countries, then
national indicators would become important. Additional research could include correlation
analysis between commodities, provinces and regions to better understand the risks and
implications for different areas and sectors.

4.3. Communication, Stakeholder Engagement and Decision-Making

As social, environmental and governance aspects of mine closure are intertwined, the
weightings need to be reviewed, and the local contexts must be considered. The weighting
of factors may differ across local contexts, and therefore, critical engagement by mine
closure stakeholders with the risk ratings is essential. Mine closure decision-making tools
should be used in conjunction with efforts to build relations in or among communities
potentially impacted by mine closure, and time should be given to the participatory process
to ensure as wide an input as possible.
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The risk rating maps described in this paper have been incorporated into an online
Mine Closure Risk and Opportunity Atlas that can operate on a computer, tablet or smart-
phone to allow them to be communicated to a wide audience [76]. The Atlas has all the
datasets used to calculate the risk ratings so that a user can interrogate the individual
risk factors and make their own assessments to support mine closure planning and aid
decision-making processes at all scales. Making information about mine closure risks and
opportunities accessible to mining host communities, particularly through the Atlas being
supported on smartphones, empowers them to engage in and influence decision-making
processes. Showing the evidence for socio-economic deprivation in mining host commu-
nities to mining companies gives them the understanding and motivation to do more to
support these communities when mine closure occurs.

There are numerous areas in the South African mining policy and planning arena
where this risk rating system can be applied. It can be used in developing mine closure
plans, undertaking environmental risk assessments and assessing financial provisions for re-
habilitation of negative environmental impacts, all required by mining companies in South
Africa under Regulation 11 (1) of Government Notice R1147. It can also be used by Future
Forums designated in SLPs for engaging host communities in mine closure planning [77],
in the development of Integrated Development Plans (IDPs) by local municipalities, and in
regional spatial planning by district municipalities and provincial governments. Finally, it
could play a supporting role in the implementation of the National Mine Closure Strategy
by the national DMRE [78], which is being gazetted for another round of public partic-
ipation in early 2024. There are several options for post-closure land use and economic
diversification and job creation for different types of mines. These involve agriculture,
forestry, tourism and recreation, conservation, energy supply, water storage, community
and culture facilities, and research [79]. The risk ratings and their underlying datasets can
contribute to the selection of viable opportunities as risk assessments are critical to mine
closure planning [80].

5. Conclusions

This paper has described the development of a national mine closure risk rating
system for South Africa to aid management and policy-making regarding mine closure
in the country. The risk rating system identifies mines and regions where mine closure is
highly likely and needs immediate attention, and provincial, district and local governments
should take note of how this may affect their planning and budgeting in the short and
medium term. Currently, 48 operating mines have a life of mine of 10 years or less, and
the coal mines in Mpumalanga province and the gold mines in Gauteng stand out as areas
requiring urgent attention. The rating system ranks mines by the risk of negative social
and environmental impacts potentially resulting from closure, enabling the prioritisation
of mitigation and intervention by mining companies and government. The social risks are
highest in the most vulnerable communities, highlighting the need for a broad response by
national and provincial governments that alleviate poverty and support economic growth.
The environmental risks are highest for coal and gold mining regions, which are also where
the best arable land is found, highlighting the importance of rehabilitation in the mine
closure process to enable post-closure land use and economic diversification.

The risk ratings proposed here are a first attempt at a national comparison of likelihood
of mine closure, social risk and environmental risk, and will require further testing and
analysis in the future. Additional datasets will be required to fill gaps and ensure that
the risk ratings capture all of the influencing factors. The results of the risk ratings could
promote deeper discussions on mine closure management and planning among a diverse
group of stakeholders and support evidence-based decision-making. Finally, while the risk
rating system has been developed for South Africa, its concepts, design and insights could
be applied to any mining country in the world.

17



Mining 2024, 4

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mining4010005/s1, Table S1: Data and risk ratings for all operating
mines in South Africa.

Funding: This research was funded by the Water Research Commission, grant number C2021_2023-
00475.

Data Availability Statement: Data supporting reported results will be made available in the online
South African Mine Closure Risk and Opportunity Atlas, including links to publicly archived datasets
analysed or generated during the study.

Acknowledgments: The author would also like to thank all the experts and stakeholders who gave
of their time and expertise, and the wider project team for their comments and insights.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

Table Al. Indicators of social well-being for mining host communities [51].

Dimension and SDG Target

Indicators

Income (SDG 1.2)

% households with income more than R19,600/year (est.
national poverty line)

Household goods % households that own a refrigerator
Health % population without a disability
% - : e
Education (SDG 4.1) %o adults (>20 years) with NQF4 qualification (Grade 12,

NTC3) or better

Gender representation (SDG 5.5)

% of female councillors in local government

Water access (SDG 6.1)

% population with piped water in their dwelling or yard

Sanitation (SDG 6.2)

% population with access to a flush toilet or
chemical toilet

Electricity access (SDG 7.1)

% population with electricity as main source of lighting

Clean cooking fuel (SDG 7.1) % population using clean cooking fuel

% labour force (including discouraged jobseekers)

Employment (SDG 8.5) employed

Housing (SDG 11.1)
Waste management (SDG 11.6)
Internet access (SDG 17.8)

% population in formal housing

% population with refuse removal

% population with access to internet
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Abstract: The empty-space subsequent filling mining method is the main mining scheme for un-
derground metal mines to achieve large-scale mechanized mining. The stage height, one of the
main parameters of this method, affects the various production process aspects of the mine and
influences the stability of the goaf. In order to determine the stage height scientifically and rationally
in the empty-space subsequent filling mining method, a formula for the stabilized critical safe height
of a high goaf in an underground metal mine was derived based on Pu’s arch equilibrium theory,
Bieniawski’s pillar strength limit theory, and the Kastner equation and combined with the results of
an orthogonal analysis to rank the importance of the main factors in the formula. A copper mine in
Jiangxi Province was used as a case study, with the reliability of the formula verified by numerical
simulation and industrial testing. The factors in the formula influencing the critical stabilized safe
height of the goaf were, in descending order, the compressive strength of the rock body, the width
of the two-step mining pillar, the width of the one-step mining room, the mining height, and the
depth of mining. Based on the calculation results, the recommended stage heights are 30 m (—378 m
middle section) and 25 m (—478 m middle section) in the area of poor rock body stability and 50 m
in the area of better rock body stability. The simulation results show that the goaf is significantly
affected by the compressive stress under the condition of a certain rock body stability and that the
compressive stress increases with increasing goaf height. The minimum recommended values of the
sidewall safety coefficients in areas of poor and better rock stability are 1.04 and 1.06, respectively.
The volume deviation coefficients of the three industrial test mines were all controlled within 3%,
indicating that no obvious collapse and destabilization phenomenon occurred in the goaf. This paper
provides some theoretical and applied guidance for the stage height design of similar underground
metal mines using the empty-space subsequent filling mining method.

Keywords: critical height of goaf; the empty-space subsequent filling mining method; rock stability;
numerical simulation; industrial tests

1. Introduction

In underground metal mining, the empty-space subsequent filling mining method
has become one of the main mining schemes because of its advantages of high produc-
tion capacity, low cost, high recovery rate, and protection of underground and surface
environments [1-7]. The empty-space subsequent filling mining method, whether it is
staged open-field subsequent filling or segmented open-field subsequent filling, generally
divides the ore block into a one-step mining room and a two-step ore pillar during the
mining process and carries out the mining in two steps. After the completion of stoping,
the stage height of the goaf can reach tens or even hundreds of meters. Once the goaf
height becomes unstable, it poses a threat to the equipment and personnel involved in
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underground production and increases the difficulty of mining in adjacent areas, resulting
in resource waste [8-10].

Many hydrogeological, rock stress-strain behavior, geometric, and engineering factors
affect the safe proportions of goaf [11-15]. Extensive research has been conducted on the
ultimate exposed area and ultimate span of the goaf roof in underground mining. Based on
a summary of numerous mining engineering practices, Matthews proposed a diagrammatic
method for assessing the relationship between the stability index N of a rock mass and
the shape coefficient of the exposed mining area [16]. Jang et al. proposed a stability
stress mechanics model for goaf and discussed the relationship between the ultimate
exposed area of goaf and the span ratio, joint density of the fracture surface, and joint
diameter [17]. Swift et al. used an elastic beam model and a pillar strength formula to study
the relationship between the exposed area of goaf, the pillar stability, and a safety factor [18].
Gao et al. simulated the distribution and variation patterns of stress, displacement, and the
plastic zone in goaf for different span ratios using the PLAXIS 2D finite element analysis
software [19]. Zhienbayev, A. et al. performed the calculations, modelling, and statistic
analysis of factual rock falls from the roof to ensure the roof span stability in terms of
room-and-pillar system of mining [20]. Hosseini, M. et al. conducted a sensitivity analysis
using the numerical, squat pillar, and Mathews stability methods through the Taguchi
technique to properly understand the influence of geometric parameters and stress on stope
stability according to Sormeh underground mine data [21]. Although the ultimate exposed
area and ultimate span of the goaf roof have been studied extensively, the influence of goaf
height on goaf stability has not been adequately examined.

Bagde evaluated the impact of mining height on the stability of goaf through empirical
methods, numerical simulations, and on-site rock deformation monitoring [22]. Soni et al.
used numerical simulation to study the variation of pillar strength with height during the
implementation of the room-and-pillar mining method in mines [23]. Zhang et al. used
an orthogonal experimental design method to investigate the effects of the height, length,
and width of mining pillars and the length and width of mining rooms on the stability of
goaf [24]. Qiu et al. derived a limit equilibrium equation for mining pillars based on the
area-bearing theory and used this equation to optimize the structural parameters of the
mining area, such as the mining height, pillar spacing, and row spacing [25]. The research
results obtained to date are of great significance in optimizing the mining height using the
room column method. However, there has been relatively little research on the stability of
high goaf using the subsequent filling mining method. Research on the safe critical height
for maintaining self-stability in high goaf is still at an early stage.

A copper mine in Jiangxi was taken as a case study in this research to examine
this issue. Using Bieniawski’s ultimate pillar strength theory [26], Pu’s arch equilibrium
theory [27], and the Kastner equation [28], a formula was derived for the critical stable
height of goaf. A sensitivity analysis of the factors affecting the critical safe height of goaf
was conducted using the orthogonal range analysis method. On the basis of rock mechanics
experiments and reduction of rock mechanics parameters, the critical safe height of the goaf
of the copper mine was calculated. The value obtained was verified through numerical
simulation analysis and on-site experiments. The research results provide a theoretical
basis and engineering reference for designing reasonable mining stage heights for similar
underground metal mines under various geological and mining conditions.

2. Methods
2.1. Study Site

The Jiangxi copper mine is located in shangrao City, Jiangxi Province. The mine area is
about 2.7 km long from north to south and 2.5 km wide from east to west, covering an area
of about 6.75 km?2. The average surface elevation of the mine is +50 m, and the elevations
of the first and second mining sections are —308 m to —378 m and —408 m to —478 m,
respectively. There are a total of 11 large ore bodies in the copper—sulfur-gold section, with
S1, N1, N2, and N3 being the main ore bodies. The dip of the ore body ranges from 76°
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to 88°, with an average of 83°; the ore body mainly strikes EW-NEE, S dips; distributed
between exploration lines 03 and 14; and the length of the ore body along the strike ranges
from 700 to 1300 m; the thickness of the single project ranges from 1.00 m to 66.70 m, with
an average true thickness of 12.5 m. The ore body mainly exists in the contact zone with
altered phyllite, with a small amount occurring in blast breccia, altered quartz diorite,
and quartz porphyry. Tectonic development of folds and fractures results in poor stability
of the ore rocks. The empty-space subsequent filling mining method is the main mining
method used in the mine, accounting for 66% of the total. Mining is conducted in intervals.
The current mining structure parameters used in the mine have poor compatibility with
geological and mining conditions, resulting in frequent collapse events of the one-step
mining room during the mining process.

2.2. Experiments Rock Mechanics Parameter and Their Reduction

The rock samples were taken from the underground mining stope of a lead-zinc copper
mine in Jiangxi Province. In accordance with the requirements of the rock mechanics
parameter experiments, the specimens were drilled using a rock drilling core machine
with a diameter of ¢ = 50 mm. The specimen is cut and sanded into a cylindrical shape.
For uniaxial and triaxial compression tests, the recommended ratio of specimen height
to diameter is 2:1, which is 100 mm in height and 50 mm in diameter. The actual error is
controlled within +3 mm. For the Brazilian splitting test, the ratio of specimen height to
diameter is controlled at 1:1. The actual error is controlled within £2 mm.

Rock mechanical parameter experiments were conducted using MTS 322 rock me-
chanical press and MTS 815 rock mechanical press. The experiment was conducted using
the transverse isobaric triaxial method at room temperatures in the range of 24-28 °C
and 55%-79% relative humidity. The displacement loading method was used to maintain
a loading rate of 0.045 mm/min throughout the experiment. The loading process stops
automatically when the maximum load is reached and the specimen fails.

Since the rock strength obtained from the indoor tests is actually the rock strength of
the intact rock mass, it differs significantly from the rock strength in the field. Therefore, it
is necessary to discount its strength. The empirical discounting method has the advantages
of being simple to apply and dealing effectively with some uncertain factors. It has become
the most important method for studying the strength parameters of rock masses. The Hoek-
Brown strength criterion for discounting the strength of a rock mass based on certain indoor
and field test data has become the most commonly used discounting method. Empirical
formulas for discounting the strength of the rock mass based on the geological description
of the rock mass in the field and the statistical data from the investigation of the joints and
fractures on the structural surface are considered.

2.3. Theoretical Modelling

After excavation of the rock mass, the stresses in the rock mass are redistributed.
The pillar is pressurized by the overlying rock layer, and the top rock layer shows large
compressive deformation, forming a small pressure-free arch. It is worth noting that once
formed, the pressure-free arch will not disappear with the backfilling of the mining space
and is an irreversible deformation phenomenon. Therefore, the smaller pressure-free arches
above adjacent spaces gradually merge to form a large pressure-free arch. As shown in
Figure 1, a plastic zone with radius R}, will be formed above the goaf. The size of the plastic
zone is not only related to the nature of the rock body and the structural parameters of
the stope, but is also affected by the mining burial depth. The load on the pillar is the
self-weight of the rock body within the plastic zone above its roof. As long as the pillar can
withstand the gravity of the rock body within the plastic zone of the top plate surrounding
the rock, the long-term stability of the pillar can be ensured.
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Figure 1. Theoretical modelling of the critical safe height of goaf.

According to the bearing mechanism of the pillar, the load carried by the pillar is the
self-weight of all the rock bodies within the plastic zone above its roof. The radius of the
plastic zone can be solved using the Kastner equation:

1—sin¢

PO + ¢ - cot q’)(l - Slan) 2sin ¢
c-cote

R, = Ro| M)
where R, is the radius of the plastic zone, m; Ry is the radius of excavation, m; Py is the
vertical self-weight stress at the excavation, MPa, Py =y H; c is the cohesive force of the
rock mass, MPa; ¢ is the angle of internal friction of the rock mass, °; -y is the capacitance
of the top plate surrounding rock, kN / m3; and H is the mining depth, m.

In order to ensure the stability of the pillar, the maximum range is used to calculate
the roof pressure of the stope. Practice has shown that the radius of the plastic zone is
less affected by the shape of the excavation section. Therefore, the excavation radius in
the calculation is replaced by the equivalent excavation radius—that is, the radius of the
external circle with different shapes is used instead. The excavation radius Ry can be

expressed as follows:
L\*  (Hp\*
R°‘V () (%) @

where L is the mining space span, m, and Hj is the height of the mining pillar, m.

The principle of calculating a rectangular mining pillar is shown in Figure 1. According
to the theory of area-bearing capacity, the bearing capacity of a mining pillar is the gravity
of the rock body in the overlying plastic zone, and the area of bearing is the sum of the
area of the pillar itself and the mining area apportioned by the pillar, so that the following
equilibrium equations can be obtained:

ayWyLp = (Wo -+ W) LyPss @3)

where 0y, is the axial average stress of the ore column, MPa; P, is the vertical stress in the
thickness of the plastic zone of the overlying rock layer, MPa; W, the width of the mining
room, m; W, the width of the mine pillar, m; L, the length of the stope, m.

Knowing that P; = 7R, and substituting it into the above equation, the average axial
stress of the ore column can be obtained as follows:

1-sing

o (Wo+Wp)'yRo[(7H+C'C§i(ﬁ);1*51n¢)] 2Zsin g
5 =

Wp

(4)
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The bearing strength of the pillar depends mainly on the compressive strength of the
rock body (obtained by discounting based on the uniaxial compressive strength of the
rock) and is related to the shape and width of the pillar. Researchers have proposed a
variety of theoretical and empirical formulas for the bearing strength of mining pillars. The
Bieniawski strength formula for mining pillars is one of the more widely used. In this study,
the Bieniawski formula was used to calculate the strength of the mine pillar as follows:

W o
Sp=0c [0.64 +0.36 <h”) ] (5)
where S, is the strength of the ore column, MPa; 0. is the average compressive strength
of the ore column, MPa; & is the height of the ore column, m; « is a constant = 1.0 when
the width-to-height ratio of the ore column is less than 5 and 1.4 when the width-to-height
ratio of the ore column is greater than 5.

In order to simplify the problem, only the main influences that can be quantified are
considered. From Equations (4) and (5), a factor of safety can be derived for rectangular
pillars, K = 05,/S,. When K > 1, the ore column is in a stable state; when K > 1, the ore
column is in an unstable state; when K = 1, the ore column is in a critical state. When
the column is in the critical state, the critical height of the column instability meets the
relationship equation:

oW, (0.36W,)"
h= ' : p( .p) 1—sing (6)
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2.4. Numerical Simulation Tests

FLAC 3D (Fast Lagrangian Analysis of Coutinua) uses the “Explicit Lagrangian”
algorithm and the “Hybrid-Discrete Partitioning” technique to simulate the plastic damage
and flow of materials very accurately. It has a good pre-processing function. When
calculating, the program automatically dissects the model into hexahedral cells, and each
cell can have its own material model, and the material can be yielded and flowed under
the action of external force and stress field. Its post-processing functions are also very
powerful. Users can print or plot their own data or graphs with the appropriate commands
according to their needs. Therefore, FLAC 3D is one of the most ideal tools for solving
the goaf stability problem. In this study, the software was used to simulate and analyze
the safety critical heights of the goaf. In addition, the stability of the mining pillars is also
discriminated using the Mohr-Coulomb strength criterion [29,30]. The principal stress is the
main parameter of rock mechanics after discounting, and its relation is as follows [31,32]:

03 = 0y tan? (45° - %) ~2¢-tan (45° - g) @)

=2

a (7'/3

®)

2.4.1. Modeling

The model created in Rhino 6.0 was meshed and imported into Flac 3D, as shown
in Figure 2. The length of the model along the strike of the ore body was set to 300 m,
the length and width of the one-step mining room were 50 m and 12 m, respectively, and
the length and width of the two-step mining pillar were 50 m and 18 m, respectively. To
minimize the influence of the boundary conditions on the stresses in the mining operation
area, the left and right sides of the back-mining area were enlarged by 150 m of bedrock to
ensure that the boundary conditions were applied to the bedrock and were transmitted to
the mining area through the bedrock. The height of the model was set to 800 m, and the
average thickness of bedrock at the top was set to 400 m to avoid the top self-gravitating
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stress acting directly on the goaf. The average thickness of bedrock at the bottom was set to
400 m to avoid the bottom boundary condition acting directly on the mining area, which
would have caused stress concentration.

Two-Step
Mine Pillars

Overlying
Rock Layer

Mining

One-Step
Mine Rooms

Figure 2. Numerical modeling of the critical safe height of goaf.

Based on the hosting conditions of the ore body, the model boundary was constrained
from horizontal displacement, i.e., the boundary displacements in the x and y directions

were zero.

2.4.2. Basic Assumption

In view of the complexity and variability of the actual engineering geological envi-
ronment of the mine and the characteristics of the ore body endowment, the following

assumptions need to be made in the numerical simulation process:

)
@

®)
4)

©)
(6)

7)

®)

©)

The horizontal thickness and inclination of the excavated ore body are fixed values;
The ore body is assumed to be an ideal elastic-plastic body, and the strength and
volume of the material do not change with plastic deformation after the yield point;
The ore body and peripheral rock are locally homogeneous and isotropic materials,
and plastic deformation does not change the material isotropy;

Considering the brittleness of the rock, all physical quantities involved in the analysis
are independent of time;

Strain hardening (or softening) is not considered;

The sides of the model limit horizontal displacements and the bottom limits verti-
cal displacements;

Considering the limitations of the finite element program, it is assumed that there
is no influence of tectonic activities in the site, the original rock ground stress is of
geostrophic field type, there is an integrated contact between the rock layers, the
interior of the rock layer is a continuous medium, the influence of groundwater
activities is not taken into account in the model, and the existence and influence of
structural surfaces, fissures, and weak layers in the rock layer and ore body are not
taken into account;

The loads selected for the calculations will not change with the orientation of the
units, but will always maintain their original orientation, with the surface loads acting
normal to the surface of the deformed units and can be used to simulate “following”
forces, the magnitude of which is the weight of the overlying rock formation;
Simulation of the most hazardous scenario, i.e., mining in intervals.

2.4.3. Parameters

Based on the numerical simulation test scheme shown in Table 1, combined with the

results of the rock body mechanical parameter discounting in Table 3 in Section 3.1, the
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corresponding mechanical parameters were set for the overlying rock layer, the ore body,
and the bottom plate of the model.

Table 1. Test Programs.

. Width of the Stope .

Program Rock Compressive One-Step Mine Two-Step Mine Length of the  Height of the
Number Stability Strength (o/MPa) Room (m) Pillar (m) Stope (m) Stope (m)

1 Poor 10.93 12 18 50 25

2 Poor 10.93 12 18 50 30

3 Poor 10.93 12 18 50 35

4 Better 22.97 12 18 50 45

5 Better 22.97 12 18 50 50

6 Better 2297 12 18 50 55

2.4.4. Simulation Schemes

The two-step mining process was used to analyze the critical height of the pillar
instability for the two types of areas with better and worse surrounding rock stability. The
length and width parameters of the one-step mining room and the two-step pillar were
unchanged; only the mining height of the stope was changed. Parameterization of the
mining height in the field of values in the vicinity of the theoretically calculated values
of the critical safe height of stope in different stability area was conducted. The specific
parameters of the mining height are shown in Table 1.

3. Results and Discussion
3.1. Results of Experiments Rock Mechanics Parameter and Their Reduction

Comparison of the results in Tables 2 and 3 reflects that:

Table 2. Experiment results of rock mechanical parameters.

Compressive Tensile Elasticit Internal
. P y Density Poisson’s Cohesion Friction
Materials Strength Strength Modulus (o/t-m—3) Ratio (1) (Cun/Mpa) Anele
(c¢/MPa) (c/Mpa) (Em/Gpa) P H m/VIP 8
(Pm/°)
Overburden 68.54 8.89 39.29 2.84 0.24 10.31 50.41
Rock
Ph}gg;eyore 33.80 6.28 27.40 2.97 0.34 333 4339
Floor 46.69 6.05 24.63 2.88 0.32 7.14 50.43
Table 3. Summary of discounted rock mechanics parameters results of rock mechanical parameters.
Compressive Tensile Elasticit Internal
. P y Density Poisson’s Cohesion Friction
Materials Strength Strength Modulus (o/t-m—3) Ratio (1) (Cun/Mpa) Anele
(o¢/Mpa) (o0c/Mpa) (Em/Gpa) P H m/VIP 8
(Pm/°)
Overburden 29.99 3.89 25.25 2.84 0.24 10.31 50.41
Rock
Phyllite ore
body 22.97 4.27 24.64 2970 0.34 3.33 43.39
(better)
Phyllite ore 10.93 2.03 9.69 2970 0.34 3.33 43.39
body (poor)
Floor 18.23 3.75 20.69 2880 0.32 7.14 50.43
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The gap between the mechanical strength of rocks before and after discounting is
significant. For example, the compressive strength, tensile strength, and elasticity modulus
of the Overburden rock are 68.54 Mpa, 8.89 Mpa, and 39.29 Gpa before reduction, and
22.99 Mpa, 3.89 Mpa, and 25.25 Gpa after reduction.

The gap between the same kind of rocks in the areas with different stability is signifi-
cant after reduction. For example, the compressive strength, tensile strength, and elasticity
modulus of the Phyllite ore body are 22.97 Mpa, 4.27 Mpa, and 24.64 Gpa, respectively, in
the region with good stability, and 10.93 Mpa, 2.03 Mpa, and 9.69 Gpa, respectively, in the
region with poor stability.

Other rock mechanical parameters remain unchanged before and after the reduction.

3.2. Quantitative Analysis of Each Influencing Factor

The analysis of the critical safe height of the goaf showed that the factors affecting
the stability of the goaf were the rock body compressive strength, mine room width, pillar
width, mining height, bearing capacity of the overlying rock layer, mining depth, and
mining radius. Together with the geological conditions and mining technology conditions
of the mine, the main influencing factors were identified as the rock body compressive
strength, mine room width, mine pillar width, mining height, and mining depth. The
sensitivity of each of these factors was analyzed quantitatively using orthogonal extreme
difference analysis. The values of the main influencing factors were established in the range
of five-factor, five-level-structure orthogonal tests. Table 4 lists the parameters of the critical
safe height of the goaf and the results of the orthogonal experiments.

Table 4. Parameters and results of orthogonal experiments.

Number of Mining Compressive Width of Width of Height of Critical Height for
Tests Depth Strength Mining Room  Mining Pillar Stope Pillar Destabilization
(m) (MPa) (m) (m) (m) (m)
1 300 11 10 12 20 20.7
2 300 12 12 14 30 32.1
3 300 13 14 16 40 43.7
4 300 14 16 18 50 55.4
5 300 15 18 20 60 67.2
6 400 11 10 16 50 33.7
7 400 12 12 18 60 451
8 400 13 14 20 20 67.7
9 400 14 16 12 30 44.9
10 400 15 18 14 40 16.0
11 500 11 10 20 30 57.3
12 500 12 12 12 40 49.6
13 500 13 14 14 50 39.5
14 500 14 16 16 60 17.1
15 500 15 18 18 20 31.6
16 600 11 10 14 60 42.8
17 600 12 12 16 20 66.6
18 600 13 14 18 30 22.4
19 600 14 16 20 40 33.7
20 600 15 18 12 50 23.5
21 700 11 10 18 40 712
25 700 12 12 20 50 23.5
hy 42.02 43.82 45.14 19.94 314
hy 40.04 41.48 43.38 29.88 32.68
h3 37.16 39.02 38.32 40.52 40.82
hy 35.84 37.8 36.82 51.7 45.14
hs 36.24 37.8 36.26 57.88 49.88
R 6.02 8.88 37.94 18.48 8.80
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Based on the results of the orthogonal experiment polar analysis shown in Table 4, the
extreme difference R of the rock body discounted compressive strength, and the width of
the pillar were 37.94 m and 18.48 m, respectively. The extreme difference of the width of
the mine room, the height of the stope, and the depth of the mining were 8.88 m, 8.80 m,
and 6.02 m, respectively. The results show that the critical height of the pillar instability
in this copper mine results in the most significant factor being the rock body discounted
compressive strength, followed by the width of the pillar, the width of the mine room,
and the height of the stope. It is worth noting that the width of the mine room and the
height of the stope have almost the same level of influence on the critical height of pillar
instability. Therefore, the structural parameters of the stope should be adjusted according to
the geological conditions of the mine in the process of ore body recovery. The width of the
ore column should be increased as much as possible to ensure that the critical height of the
ore column instability is greater than the height of the stope while ensuring the maximum
width permitted for the limited exposure area of the empty area and the minimum width
permitted for the self-supporting height of the filling body of the one-step stope.

One factor at a time was studied to analyze the quantitative relationship between the
critical safe height of the goaf and the main influencing factors. Four model forms, a linear
function, exponential function, power function, and logarithmic function, were used for
fitting. The initial values of each influencing factor were set as follows: 7 = 2.97 kN-m~3,
H =400 m, Wy =12m, W, =18 m, 0 = 10.93 MPa, C = 3.33 MPa, L = 3(Wo+ Wp,) = 90 m,
Hj =50 m, and ¢ = 43.39°. The fitting results are shown in Table 5.

Table 5. Functional Relationship Fitting Results.

Main Influencing

Fitting Methods Fitting Formula Correlation Coefficient
Factors
Linear Function y = —0.0097x + 29.91 0.98279
. Exponential Function y = 30.3933¢0-0004x 0.98896
Depth of M
epth ot Mining Power Function y = 77.0907x 01823 0.99827
Logarithmic Function y = 56.9144 — 5.0834 In(x + 45.6918) 0.99976
Linear Function y = —1.42x + 43.0000 0.99683
. . Exponential Function y = 51.9860 x 0.9436* 0.99962
Width of Mine Room Power Function y = 163.8241x 07431 0.99853
Logarithmic Function Y = 68.4447 — 17.482In(x — 0.5964) 0.99983
Linear Function y = 2.404x — 1.06 0.98682
Compressive Strenath Exponential Function y = 15.7814¢0-0514x 0.98707
P & Power Function y = 2.0802x1-03% 0.98765

y = —14343.2765 +

Logarithmic Function 2228.6499In(x + 611.5214) 0.87614

Linear Function y=145x-03 0.99778

. . . Exponential Function y = 8.27504 x 1.0646* 0.98247

Width of Mine Pillar Power Function y = 1.3922x1:009 0.99769

Logarithmic Function y = —119.4666 + 42.2206 In(x — 13.2732) 0.99999

Linear Function y = —0.108x + 31.24 0.98822

. Exponential Function y = 31.5312¢0-003%x 0.98161
Height of the St

eight of the Stope Power Function y = 44.4409x 01389 0.90038

Logarithmic Function y = 755.4333 4 105.7652 In(x + 940.5610) 0.98000

1. The highest correlation coefficient for the function fit between the mining depth and
the critical safe height of the goaf was 0.99976 for the logarithmic function fit, i.e.,
it follows the decreasing law of the logarithmic function y = a3 + by In(x +¢1) (in
which a1, by, and ¢; mainly depend on the mining depth, the rock body compressive
strength, and other factors). Figure 3a shows the logarithmic function of the mining
depth and the critical safe height of the goaf fitting curve. With increasing mining
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30

depth, the critical safety height of the goaf followed a logarithmic function with the

rate of reduction gradually decreasing.
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Figure 3. Function fitting curve. (a) Fitted curve of the logarithmic function of the critical safe height
of mine pillar and the mining depth; (b) Fitted curve of the logarithmic function of the critical safe
height of mine and the width of mine room; (c) Fitted curve of the logarithmic function of the critical
safety height of mine pillar and the compressive strength of the rock body; (d) Fitted curve of the
logarithmic function of the critical safe height of mine pillar and the width of mine pillar; (e) Fitted
curve of logarithmic function of the critical safe height of mine pillar and the height of stope.
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2. The highest correlation coefficient between the width of the mining room and the
critical safety height of the goaf function fit was the logarithmic function fit of 0.99983,
that is, following a logarithmic function of the form y = a, — by In(x + ¢;), where a5,
by, and ¢y mainly depend on the width of the mining room, the rock body compressive
strength, and other factors. Figure 3b shows the fitting curve of the logarithmic
function between the width of the mine room and the critical safe height of the goaf.
As the width of the mine room increases, the critical safe height of the goaf decreases
according to a logarithmic function with a gradually decreasing rate of decrease.

3. The highest correlation coefficient between the rock compressive strength and the crit-
ical safety height of the goaf was 0.98765 for the power function fit, that is, following a
power function y = a3x?3, in which a3 and bs mainly depend on the rock compressive
strength and other factors. Figure 3c shows the rock body compressive strength and
the critical safe height of the goaf power function fitting curve. As the rock body
compressive strength increases, the critical safe height of the goaf increases gradually
according to a power function, with the rate of increase gradually increasing.

4. The highest correlation coefficient between the width of the mine pillar and the critical
safety height of the goaf function fit as the logarithmic function fit of 0.99999, that
is, following the logarithmic function y = a4 — by In(x + c4) of the incremental law
(where a4, by, and c4 mainly depend on the width of the mine pillar, the rock body
compressive strength, and other factors). Figure 3d shows the logarithmic function
fitting curve of the mine pillar width and critical safety height of the goaf. As the
mine pillar width increases, the critical safe height of the goaf increases gradually
according to a logarithmic function, with the rate of increase gradually increasing.

5. The highest correlation coefficient of the function fit between the mining height and
the critical safety height of the goaf was 0.98822, following a decreasing linear function
of the form y = as + bsx (in which a5 and b5 mainly depend on the mining height
and other factors). Figure 3e shows the fitting curve of the logarithmic function
between the mining height and the critical safe height of the goaf. As the mining
height increases, the critical safe height of the goaf decreases linearly.

3.3. Theoretical Analysis of Project Examples

The results in Table 2 show a large gap between the results of rock body compressive
strength discounting in different areas of the mine. The mine is strictly in accordance
with the established structural parameters, i.e., the one-step mining room being 12 m, the
two-step mining pillar being 18 m divided into blocks, and the existing middle section of
the division of the stopes being carried out in accordance with engineering construction
specifications. Therefore, the critical safe height of the goaf depends only on the rock body
compressive strength and the mining height. The calculation results are shown in Figure 4.

According to the results shown in Figure 4a, in the section with poor stability, when
the design mining height is in the range of 10-70 m, the critical safe height of the goaf is
between 20 and 30 m. When the design mining height is 25 m, the critical safe heights of
the goaf are 29.08 m (—378 m middle section) and 27.84 m (—478 m middle section). When
the design mining height is 30 m, the critical safe heights of the goaf are 28.63 m (—378 m
middle section) and 27.41 m (—478 m middle section). Therefore, in order to achieve higher
recycling efficiency with the goal of guaranteeing safety, the height of the stope should not
exceed 28 m (in the —378 m middle section) or 27 m (in the —478 m middle section).

According to the results shown in Figure 4b, for the section with better stability, when
the design mining height is in the range of 10-70 m, the critical safe height of the goaf is
between 45 and 65 m. When the design mining height is 50 m, the critical safe heights of
the goaf are 55.43 m (—378 m middle section) and 53.08 m (—478 m middle section). When
the design mining height is 55 m, the critical safe heights of the stope are 54.11 m (—378 m
middle section) and 51.82 m (—478 m middle section). Therefore, in order to achieve higher
recovery efficiency with the goal of guaranteeing safety, the heights of the goaf should not
exceed 54 m (—378 m middle section) and 51 m (—478 m middle section).
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Figure 4. Correspondence between the design mining height and mining depth of stopes in different
regions and the safety critical height of goaf. (a) Correspondence between the design mining height
of the stopes and the safety critical height of the goaf in the area of poor rock stability in the middle
section of —378 m and the middle section of —478 m; (b) Correspondence between the design mining
height of the stopes and the safety critical height of the goaf in the area of better rock stability in the
middle section of —378 m and the middle section of —478 m.

3.4. Numerical Simulation Testing of Project Examples

The analysis of the results is aimed at the empty field state in which the back mining
of the one-step mining room is completed and unfilled. Figure 5 shows maps of the stress
and displacement during the mining process obtained by taking the example of the mining
site in the area with better rock stability and the designed height of the mining site of
50 m; the mining site in the area with poorer rock stability and the designed height of the
mining site of 30 m. The maximum compressive stress, maximum tensile stress, maximum
displacement, and maximum compressive stress safety coefficient within the roof and
sidewall (two-step mining pillars) of the one-step mining room were counted in Figure 6
under different simulation scenarios, respectively.
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Figure 6. Trends in the results of the numerical simulation schemes. (a) Trends in stress, displacement
and factor of safety in areas of poor rock stability; (b) Trends in stress, displacement and factor of
safety in areas of better rock stability.

3.4.1. Compressive Stress Analysis

From Figures 5a,b and 6a, it can be seen that the compressive stress distribution of
both the roof of the goaf and the sidewall are wider, and the values are generally larger.
This is due to the stress release at the mining location after mining back and the stress
concentration in the surrounding rock around the mining area. It is worth noting that the
stress concentration phenomenon occurs at the junction of two or three faces. Therefore,
the corners of the goaf in the actual mining process are generally curved instead of forming
a right angle as in the design.

Under the conditions of the same rock stability level and the same height of the goaf,
the pressure of the sidewall in the goaf is slightly larger than the pressure of the roof,
but the difference is not large. For example, in the area of poor rock stability, under the
condition that the height of the stope is 30 m, and the maximum compressive stresses of the
side gang and the roof plate are 10.51 MPa and 9.36 MPa, respectively. Under the condition
of the same rock stability level, as the height of the goaf increases, the compressive stresses
on the roof plate and sidewalls of the goaf increase gradually. For example, in the area of
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poor stability, when the height of the goaf is increased from 25 m to 35 m, the maximum
compressive stress of the roof plate of the goaf is increased from 7.65 MPa to 12.77 MPa, and
the maximum compressive stress of the sidewalls is increased from 8.74 MPa to 14.85 MPa.
Therefore, when the stability of the surrounding rock is poor, it is appropriate to reduce the
height of the goaf to ensure the safety of the back mining.

3.4.2. Tensile Stress Analysis

From Figures 5a,b and 6b, it can be seen that the tensile stresses on the roof and
sidewalls of the goaf are distributed over a wide range and that the maximum tensile
stresses on the sidewalls run through the entire two-step pillar. On the one hand, the
tensile stress is dispersed from the center of the pillar to the left and right sides in a
symmetric trumpet shape, and the magnitude of the tensile stress is unchanged. On the
other hand, it decreases gradually from the center of the pillar to the upper and lower ends
and decreases gradually.

For a given rock stability level and mining height, the tensile stress of the sidewalls in
the mining area is slightly larger than that of the roof, but they are not very different. For
example, in the better stability area, the maximum tensile stresses of the sidewalls and top
plate are 0.82 MPa and 0.84 Mpa, respectively, when the height of the stope is 50 m.

For the same rock stability grading conditions, as the height of the stope increases,
the tensile stresses on the roof plate and sidewall of the goaf are gradually increased.
For example, in the area of better rock stability, when the height of the stope increases
from 45 m to 55 m, the maximum tensile stress of the roof plate of the stope increases
from 0.4 MPa to 0.51 MPa, and the maximum tensile stress of the sidewall increases from
0.78 MPa to 0.95 MPa. Thus, at greater goaf heights, the tensile stresses of the rock around
the mining area are much smaller than the ultimate tensile strength of the rock. Therefore,
the maximum compressive stress should be mainly considered in assessing the potential
for extrusion damage to the top plate and sidewall.

3.4.3. Displacement Analysis

Figure 6a,b show that the displacements of the roof plate and sidewalls of the stope
have large distribution ranges, mainly concentrated in the upper part of the mined area,
with a funnel-shaped distribution. In particular, the maximum displacement generally
occurs in the top plate of the mining hollow area, mainly due to the loss of support for
the top plate in the hollow area, which ultimately makes the top plate appear larger
deformation, and the side gang deformation is smaller.

Under the same rock stability grading conditions, as the height of the stope increases,
the displacement of the roof plate of the stope gradually increases. For example, in the area
of poor stability, when the height of the stope increases from 25 m to 35 m, the maximum
displacement of the roof plate of the stope increases from 28.23 mm to 47.52 mm. In the area
of good stability, when the height of the stope increases from 45 m to 55 m, the maximum
displacement of the roof plate of the stope increases from 21.85 mm to 24.36 mm. It is worth
noting that the maximum displacement of the stope roof in the less stable area is greater
than the maximum displacement of the stope roof in the more stable area. The goaf roof
displacement is strongly influenced by the rock stability level.

In summary, although the height of the stope and the stability of the regional rock body
in the tensile stress have a certain impact on the roof of the stope and the sidewall, they are
not beyond the ultimate tensile strength of the rock body. In terms of displacement, the main
influence is the deformation of the roof of the stope; the amount of deformation is relatively
small. Therefore, in order to determine the reasonable height of the stope accurately, it is
also necessary to determine the maximum compressive stress safety coefficient from the
goaf roof and sidewall. As Figure 6a,b show, when the rock stability is poor, the height of
the stope is 30 m. The roof plate and sidewall safety coefficients are 1.17 and 1.04, so the
height of the stope in this section should not be more than 30 m. In the region of good rock
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stability, the height of the stope is 50 m, and the top plate and sidewall safety coefficients
are 1.12 and 1.06, so the height of the stope in the section should not be more than 50 m.

4. Industrial Tests
4.1. Overview of the Experimental Stope

Three stopes, numbered 1, 2, and 3, were selected for industrial testing. The #1 test
stope was located between exploration lines 4 and 5 of the N1 ore body in the middle
section of —478 m, the #2 test stope was located between exploration lines 6 and 7 of the
N3 ore body in the middle section of —378 m, and the #3 test stope was located between
exploration lines 8 and 9 of the S1 ore body in the middle section of —378 m. The field
investigation and rock stability evaluation results show that the #1 test stope and #2 test
stope area rock body is poor and stability is poor; the #3 test stope area rock body is better.

Each test stope adopts the method of filling the empty field after the rock drilling stage,
and does not change the width of the one-step mining room and the two-step mining pillar.
The length of the stope is arranged according to the standard stope. However, according to
the different geological conditions and mining conditions of the areas where the test stopes
are located, different heights of the stopes are designed. Specifically, the height of the #1
test stope was 25 m, the height of the #2 test stope was 30 m, and the height of the #3 test
stope was 50 m.

4.2. Results of Industrial Experiments

Immediately after the completion of the last ore discharge from each test stope, the
GOSLAM RS100 scanner was used to scan the voided area, a 3D voided area scanning model
was established, and the scanning boundary profile of the voided area was plotted, as shown
in Figure 7. In order to more intuitively reflect the collapse of the hollow zone, the volume of
the hollow zone was compared with the design volume, as shown in Table 6.

— Boundary of Goaf
— Design Boundary

1#Test Stope 2#Test Stope 3#Test Stope

Figure 7. Goaf model and boundary profile.

Table 6. Statistical analysis of empty space volume in test stope.

Design Parameters of the Stope Volume of the 3D Deviation Factor *
Test Stope . . Volume Model of the evia 101;1 actor
Length (m) Width (m) Height (m) (Vy/m3) Goaf(V,/m?) (f/%)
1# 50 12 25 12,511 12,787 221
2# 50 12 30 15,405.5 15,752 2.25
3# 50 12 50 27,2925 27,665.5 1.37

Note: Deviation Factor * f = % % 100%. If the stope deviation “f” factor is “+”, it indicates that the goaf is

generally over-excavated; conversely, if the goaf deviation factor “f” is “—", it indicates that the stope is generally
under-excavated.

The over-excavation amounts for test stopes 1, 2, and 3 were 2.21%, 2.25%, and

1.37%, respectively, which are relatively small amounts. The over-excavation was mainly
concentrated in the corners of the roof slab of the mining area and the bottom structure
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of the stope, which may be affected by many factors such as stress concentration, skewed
boreholes, fault development, poor charging accuracy, and blasting construction. The
actual mining operation in the two-step mining room increases the difficulty of retaining
the shoring wall pillars, the ore depletion rate, and the difficulty of constructing the mine
access road.

On the whole, the actual boundaries of the three test stopes under the empty field
condition are basically consistent with the design boundaries, and there is no obvious
instability and collapse phenomenon. The industrial test results show that the mine does
not change the one-step and two-step width of the stope according to the stability of the
regional rock body and mining depth. The height of the stopes, adjusted for the stope safety
below the critical height of the stope, can effectively reduce the phenomenon of instability
and collapse of the stope. Specifically, in the middle section of —378 m, the height of the
stope in the area of better rock stability is 50 m, and the height of the stope in the area of
poorer rock stability is 30 m; in the middle section of —478 m, the height of the stope in
the area of better rock stability is 50 m, and the height of the stope in the area of poor rock
stability is 25 m.

5. Conclusions

In this study, a formula for the safe critical goaf height for the stage airfield filling min-
ing method was derived based on rock body strength discounting, Pu’s arch equilibrium
theory, and the ultimate strength formula of the Bieniawski pillar. The main influencing
factors were analyzed by means of an extreme quadrature experiment. In addition, the
reliability of the theoretical calculation results was verified by numerical simulation tests
and industrial tests. Based on this study, the following conclusions can be drawn.

(1) According to a comprehensive analysis of polar—orthogonal experiments, among
the main factors affecting the critical safety height of the goaf, the impact of the
compressive strength of the rock body is the most significant; followed by the width
of the two-step mining pillar; and finally, the height of the stope, the depth of mining,
and the width of the one-step mining room, the effect of which are almost the same.
The effects of the mining depth, the width of the one-step mining room, and the
critical safe height of the goaf follow decreasing logarithmic functions; the effects
of the compressive strength of the rock body and the critical safe height of the goaf
follow increasing power functions; the effects of the width of the two-step mining
pillar and the critical safe height of the goaf follow increasing logarithmic functions;
and the height of the goaf and the critical safe height of the goaf follow decreasing
linear functions.

(2) Based on the geological conditions of the mine and the current mining situation, the
permissible critical height of mining safety was calculated for each area of the mine.
The calculation results show that: in the area with poor rock stability, the heights of
the stope should not exceed 28 m (—378 m middle section) and 27 m (—478 m middle
section); in the area with better rock stability, the heights of the stope should not
exceed 54 m (—378 m middle section) and 51 m (—478 m middle section).

(3) Numerical simulation tests were carried out using FLAC 3D, and the results show that
the stope is significantly affected by compressive stress and increases with increasing
stope height; the tensile stress does not exceed the ultimate tensile strength of the rock
body; and the displacement and deformation are relatively small and do not exhibit
sudden changes. In the area of poor rock stability, when the height of the stope is
25m, 30 m, and 35 m, respectively, the safety coefficients of the roof plate in the goaf
is 1.43, 1.17, and 0.86; the safety coefficients of the sidewall in the goaf is 1.25, 1.04,
and 0.74. In the area of better rock stability, when the height of the stope is 45 m, 50 m,
and 55 m, respectively, the safety coefficients f of the roof plate in the goaf is 1.51, 1.12,
and 0.94; the safety coefficients f of the r sidewall in the goaf is 1.33, 1.06, and 0.89.
The former heights are slightly greater than the results suggested by the theoretical
calculations, and the latter are basically the same as the theoretical calculation results.
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(4) The industrial test results show that the three test stopes are in a state of over-
excavation but that the amount of over-excavation is relatively small, within the
range of 1%-3%. The actual boundary of the open area is relatively regular and is
basically consistent with the design boundary. On the whole, the boundary meets the
basic requirements of safe production and does not affect two-step pillar mining.

The method provides a reference and a practical basis for determining a reasonable
stage height in similar metal mines using the empty-space subsequent filling mining
method. It is worth noting that the stope length does not contribute to the use of the
formula in the empty-space subsequent filling mining method. Therefore, in the future,
the stope length can be included as a key factor in the formula to adapt to different mining
methods. Meanwhile, in addition to the influencing factors considered in this study, with
the increase of the mining depth, the change of the plastic zone in the upper part of the
goaf, the effect of the backfilling body or goaf group in the upper part of the goaf, and the
vibrational inertial force generated by the blasting vibration on the stability of the goaf are
the main aspects to be considered to improve its accuracy and predictive ability.
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Abstract: High levels of chromium (Cr) in soil pose a significant threat to both humans and the
environment. Laboratory-based chemical analysis methods for Cr are time consuming and expensive;
thus, there is an urgent need for a more efficient method for detecting Cr in soil. In this study, a deep
neural network (DNN) approach was applied to the Land Use and Cover Area frame Survey (LUCAS)
dataset to develop a hyperspectral soil Cr content prediction model with good generalizability and
accuracy. The optimal DNN model was constructed by optimizing the spectral preprocessing methods
and DNN hyperparameters, which achieved good predictive performance for Cr detection, with a
correlation coefficient value of 0.79 on the testing set. Four important hyperspectral bands with strong
Cr sensitivity (400439, 1364-1422, 1862-1934, and 2158-2499 nm) were identified by permutation
importance and local interpretable model-agnostic explanations. Soil iron oxide and clay mineral
content were found to be important factors influencing soil Cr content. The findings of this study
provide a feasible method for rapidly determining soil Cr content from hyperspectral data, which
can be further refined and applied to large-scale Cr detection in the future.

Keywords: soil hyperspectral; deep learning; chromium; sensitive bands

1. Introduction

Chromium (Cr) contamination is a major global environmental problem [1]. With
increasing urbanization, there has been a pronounced rise in industrial waste discharge
from mining, metallurgy, and electronic equipment manufacturing industries, which has
resulted in the continuous accumulation of Cr in the natural environment. For example,
indiscriminate waste discharge from tanneries in India’s Vellore district resulted in more
than 65% of tested soil samples exceeding the maximum permissible Cr content limits
established by environmental protection agencies [2-5]. Given the non-degradable and
highly toxic nature of Cr, it poses a significant threat to the ecological environment [6,7].

Cr occurs stably in nature [8]. Cr can accumulate in living organisms by contaminating
soil and water resources and then biomagnifying through the food chain [9,10]. In plants,
high Cr content can damage cells and inhibit growth [11], while in humans, Cr can cause
skin system, liver, and kidney dysfunction and even cancer [12,13]. Different countries
have set different soil Cr thresholds (e.g., 100 mg/kg for Romania and 90 mg/kg for China),
which shows that soil Cr content is a key environmental risk factor [14,15]. Therefore,
detecting Cr content in soil is essential for evaluating soil Cr contamination and subsequent
soil remediation.

Although it is one of the most widely used techniques for soil Cr detection, laboratory
chemical analysis has some limitations, including slow speed, high cost, and environmental
contamination by chemical reagents [16]. These issues would be worsened in the case of
large-scale Cr studies, which are needed given the global scale of Cr pollution issues [17].
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As an alternative to laboratory-based analytical methods, reflectance spectroscopy is in-
creasingly being used to measure soil quality [18]. This method primarily relies on the
principle that energy is absorbed or reflected by the vibrations of molecular bonds. This
technique leverages the numerous advantages of spectroscopic measurements, including
their rapid, non-destructive, cost-effective, and environmentally friendly nature, especially
when processing numerous samples [19]. At present, most physical and chemical properties
of soils can be predicted from soil spectra; however, there is still a significant knowledge
gap in the detection of soil Cr content from soil spectra [19,20].

Soil spectra can be considered non-specific and high-dimensional data due to the
overlapping reflectance signatures of many soil components [21-24]. In contrast to the
commonly used principal component regression and partial least squares regression tech-
niques, deep learning-based methods, which are directly trained on the data to predict the
desired soil properties, are attracting increasing attention [25-28]. The nonlinear nature of
deep learning makes it well suited to handling large volumes of high-dimensional data,
and this approach has been successfully applied to similar environmental fields [29,30].
However, few studies to date have applied deep learning to Cr detection from soil spectra.

To address this research gap, this study employed a deep neural network (DNN)
method to predict soil Cr content from soil spectra. As an important algorithm in the field
of deep learning, the DNN approach can effectively handle large volumes of data with high
dimensionality [31]; thus, this approach is suitable for large-scale Cr detection. The Land
Use and Cover Area frame Survey (LUCAS) dataset was used to train the DNN model,
whose performance was verified by several evaluation metrics. The trained DNN model
was then interpreted to identify the spectral bands sensitive to Cr content.

2. Materials and Methods

As noted above, the LUCAS 2009 dataset and corresponding Cr content values were
used to train and validate the DNN model. To determine the optimal spectral preprocessing
methods for Cr detection, the first derivative, second derivative, convolution smoothing,
and multivariate scattering correction approaches were compared. The optimal model’s
network structure and hyperparameters were determined using a grid search method.
Model interpretation on the optimal DNN model was then performed to identify the
spectral bands that were most sensitive to Cr content in soil.

2.1. Dataset
2.1.1. Data Collection

This study used the LUCAS 2009 dataset from the European Soil Data Center (ESDAC)
with topsoil samples from 23 EU member states. A total of 18,675 topsoil samples were
employed based on the LUCAS project (Figure 1a). In the original acquisition of this dataset,
the samples from these points were collected using a standardized sampling procedure
and sent to the same laboratory for physical and chemical analysis [32,33]. The topsoil
samples were ground, dried, and scanned using an XDS™ Rapid Content Analyzer (Foss,
Hillered, Denmark) to obtain reflectance spectra data in the wavelength range of 400-2500
nm with a resolution of 0.5 nm; thus, the reflectance of 4200 wavelengths were measured in
this region [34]. The hyperspectral curve is schematically illustrated in Figure 1b.

The LUCAS 2009 dataset has immense value for understanding soil characteristics and
properties across the EU member states. By incorporating a large quantity of topsoil samples
systematically collected from diverse locations, this dataset provides a comprehensive
overview of soil variations and compositions within the EU. The standardized sampling
procedure ensures data consistency and reliability across a large geographic area, making
this dataset a valuable resource for soil-related studies.
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Figure 1. Descriptive diagram of the dataset: (a) Geological map of the sampling points; (b) Schematic
diagram of the hyperspectral curve; (c) Distribution of Cr content.

The application of hyperspectral analysis enables detailed characterization of the
reflectance spectra of the topsoil samples. This analysis allows for the identification of
specific wavelengths that correspond to various soil properties and components. The
reflectance spectra data, which span a broad range of wavelengths, provide important
insights into the chemical, physical, and mineralogical properties of the topsoil samples [35].
Overall, the LUCAS 2009 dataset can be used to gain a deeper understanding of soil
variability, nutrient content, organic matter composition, and other essential factors that
influence soil health and fertility [36]. The rich and spatially extensive data provided by
the LUCAS 2009 dataset can be used for in-depth soil studies, statistical modeling, and
the development of predictive models to enhance soil management practices, land use
planning, and environmental assessments.

The soil Cr content values were extracted from Cr maps [37]. Note that the Cr mea-
surements were collected at the same sampling sites as the LUCAS 2009 study, ensuring
consistency when integrating these two datasets. The distribution of Cr content indicates
that most of the samples were not contaminated, when a Cr contamination threshold of
100 mg/kg was used (Figure 1c) [38]. The contaminated samples were primarily concen-
trated in countries located in South and South Central Europe, such as Italy and Greece.

2.1.2. Spectral Preprocessing Methods

Spectral preprocessing techniques can transform reflectance measurements using
various mathematical methods that remove physical variability from light scattering and
enhance features of interest [39]. Many studies have shown that applying appropriate
spectral preprocessing can improve model accuracy [40-42]. In this study, five commonly
used spectral preprocessing methods were applied and compared, including the first-order
derivative (D1), second-order derivative (D2), Sazitzky-Golay (SG), multiplicative scatter-
ing correction (MSC), and standard normal variate normalization (SNV) (Figure 2) [43].
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Figure 2. Hyperspectral curves with different spectral preprocessing: (a) Original spectral curve;
(b) D1 preprocessed curve; (c) D2 preprocessed curve; (d) SG preprocessed curve; (e) MSC pre-
processed curve; (f) SNV preprocessed curve. The curve represents the average value for each
corresponding Cr group and the shadow represents the standard deviation.

All five hyperspectral preprocessing techniques can potentially enhance hyperspectral
curve quality and analytical precision [44—48]. D1 and D2 effectively counteract baseline
drift, refining peak recognition and quantification accuracy [49]. The advantage of SG
smoothing is its ability to eliminate noise without altering peak attributes and improve
signal-to-noise ratios and resolution; however, excessive smoothing can potentially worsen
the peak definition [50]. The MSC method tackles scattering variations, amplifies spectrum-
content correlations, and refines quantitative analysis, but its benefits may be limited in
non-scattering-dominant scenarios [4]. SNV promotes spectrum comparability and aids
feature identification; however, this technique may cause noise amplification, particularly
in low-intensity zones, which can in turn influence subsequent interpretations [51]. These
preprocessing methods can be applied to optimize specific data attributes and objectives
and improve hyperspectral analysis precision; however, a comparison of these techniques
is essential for optimal Cr detection.

2.2. Deep Learning
2.2.1. DNN Architecture

DNN models consist of multiple processing layers used to learn from and compute
data [52]. Compared to other common regression models, the DNN approach is uniquely
suited to compute large data with high dimensionality [53]. A DNN is composed of three
main parts: an input layer, hidden layers, and an output layer, where each neuron within a
layer is interconnected with all the neurons from the preceding layer, and nonlinearity is
introduced by using activation functions on these connections (Figure 3) [54]. Each layer
contains a specified number of neurons, and each neuron receives a set of inputs, which are
weighted and aggregated then transformed via the activation function.

Activation functions are key components within a DNN, introducing non-linearity and
enabling the network to capture complex patterns [55]. The selection of activation functions
depends on the data characteristics and network architecture. Selecting suitable activation
functions can significantly enhance the DNN’s ability to capture intricate relationships in
hyperspectral data, which can contribute to accurate Cr prediction [56].
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Output layer

Input layer
Hidden layer

Figure 3. Schematic illustration of the DNN.

Layers represent the fundamental building blocks of a DNN and facilitate the extrac-
tion of hierarchical and abstract features from raw data. Each layer in a DNN serves as
a specialized processing unit, transforming the input data through learned weights and
activation functions [57]. The overall DNN structure typically consists of an input layer,
multiple hidden layers, and an output layer. The data are received through the input
layer, and feedforward processing is performed, during which the difference between the
predicted and true values is calculated using a loss function. The parameter weights of
each layer are then updated by an optimizer using backpropagation to minimize the misfit
between the model predictions and true values. [58].

2.2.2. DNN Structure and Parameter Optimization

The construction of ML models must be optimized to achieve ideal performance on
specific problems [59]. Both the DNN's structure and its hyperparameters will directly affect
modeling performance. When a DNN is trained, the data are usually computed in batches,
and the batch size will affect the model’s training efficiency and generalization ability. Batch
size is the number of training samples used in one iteration and plays a critical role in the
training efficiency of a DNN. A larger batch size can accelerate the training process as more
data are processed simultaneously, leading to faster convergence. However, this speed
comes at the cost of accuracy. Larger batches provide a less accurate estimate of the gradient,
potentially leading the training process to converge to suboptimal solutions. Conversely,
a smaller batch size tends to provide a more accurate gradient estimate, enhancing the
model’s ability to generalize but slowing down the training process. Therefore, selecting
an optimal batch size represents the balance between training speed and model accuracy.
The larger the batch size, the faster the model’s training speed but the lower its accuracy.

The dropout rate aims to reduce the risk of model overfitting by randomly dropping
some neurons during the training process so that each neuron is more independent. During
training, a randomly selected subset of neurons is ignored or ‘dropped out’. This process
prevents neurons from co-adapting too much, encouraging individual neurons to learn
features independently, thereby reducing the model’s reliance on any small set of neurons and
thus mitigating overfitting. However, setting the dropout rate too high can lead to underfitting,
where the model fails to learn the data’s underlying pattern adequately. Thus, the dropout
rate must be carefully calibrated to ensure the model learns sufficiently complex patterns
without overfitting to the training data. Therefore, it is necessary to carefully optimize the
batch size and dropout rate hyperparameters to enhance the model’s performance.

In this study, the number of layers, the number of neurons, the activation function,
batch size, dropout, and learning rate were optimized using the grid search approach
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(Table 1) [60]. The performance of each combination was calculated as the average of
10 repetitions to avoid the effect of randomness during dataset splitting. The dataset was
split in an 8:1:1 ratio of training, validation, and testing sets [61].

Table 1. Hyperparameter selection range.

Parameter Search Range
Layer [1,2,3,4,5,6,7,8,9]
Neurons [100, 200, 400, 600, 800, 1000, 1500, 2000]
Activation function [ReLU, Leakly_ReLU, Swish, Sigmoid]
Batch size [25, 50, 75, 100, 500, 100]
Dropout rate [0.1,0.2,0.3,0.4, 0.5]
Learning rate [0.01, 0.001, 0.0001]

2.2.3. Model Evaluation Metrics

Model evaluation is an important step in ML modeling and different evaluation
metrics focus on different aspects of the trained models. In this study, the Pearson coefficient
(R), root mean square error (RMSE), and mean absolute error (MAE) were chosen to evaluate
the model’s performance [62]. R measures the correlation between the model’s predicted
variables and the actual variables, thereby assessing the quality of the model’s predictions.
The RMSE is the square difference between the true and predicted values and represents
the magnitude of the error generated in the model’s predictions. The MAE is the average
absolute difference between the true and predicted values. In general, lower RMSE and
MAE values and higher R values indicate better model performance. The above metrics

are calculated as follows: Con(X.Y
R— 0v(X,Y) 1)
 Var[X]Var[Y]

RMSE = | =Y (yi — §i)° 2)
i=1

n Pp— .
MAE =Y M 3)
i=1

S|

where 1 is the number of samples, y; is the true Cr content of soil sample i, and ¥; is the Cr
content predicted by the model for sample i.

2.3. Model Interpretation
2.3.1. Overview of Model Interpretation

Deep learning models have proven to be highly effective in processing large-scale
datasets, but their inherent “black box” nature often obscures the understanding of the
internal mechanics influencing their results. This opacity can cast doubts on their reliabil-
ity, especially in critical applications. To address this, the development of interpretable
methods has become essential, providing insights into how these models arrive at their
conclusions [63].

Interpretable methods in machine learning are broadly categorized into two types:
global and local interpretable methods. Global interpretable methods aim to identify the
overall internal working mechanisms of deep learning models. These methods are de-
signed to provide a comprehensive view of how input data are transformed and processed
through various layers and nodes of a neural network. By understanding these global
mechanisms, it becomes possible to gain insights into the model’s overall decision-making
process, enhancing the transparency and trustworthiness of the model. In contrast, local
interpretable methods focus on elucidating the causal relationships between specific inputs
and their corresponding model predictions. They break down the prediction process for
individual instances, enabling researchers to understand why a model made a particular
decision for a specific input. This level of granular insight is invaluable for diagnosing and
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refining models, especially when dealing with complex datasets where the interactions
between input variables can be intricate and non-intuitive [64]. In summary, interpretable
models enhance the transparency and credibility of deep learning models, offering avenues
for processing and optimizing the models.

2.3.2. Permutation Importance

Permutation importance is a valuable and insightful feature importance assessment
technique that plays a crucial role in understanding and interpreting the outputs of machine
learning (ML) models. This method, based on the predicted outputs of the ML model, offers
a straightforward yet powerful way to determine the significance of different features in
the model’s predictions [65]. The process of permutation importance involves a systematic
alteration of each feature in the dataset. To assess the importance of a particular feature, that
feature’s values are shuffled or ‘permuted’, while keeping the values of all other features
unchanged. This shuffling disrupts the relationship between the feature and the target,
essentially simulating a scenario where the feature does not provide any useful information
to the model.

Once the data with the disrupted feature is prepared, it is fed back into the model for
prediction. The key step in permutation importance is comparing the model’s predictions
on this perturbed data against its predictions on the original, unaltered data. The difference
in performance, typically measured in terms of accuracy or error, indicates how much the
model relies on the feature. A large degradation in the model’s performance upon permut-
ing a feature indicates its high importance. Conversely, if the model’s performance remains
relatively unchanged, the feature is likely less important or even redundant. This method
of evaluating feature importance has several advantages. Firstly, it is model-agnostic,
meaning it can be applied to any ML model regardless of its internal mechanics. This
makes permutation importance particularly versatile and widely applicable across various
types of models and algorithms. Secondly, it is computationally efficient, often requir-
ing only a few additional rounds of prediction, making it suitable for large datasets and
complex models [66,67]. Furthermore, permutation importance provides a more intuitive
understanding of feature importance compared to other methods like coefficients in linear
models or feature importance scores in tree-based models. It helps in identifying not just
the highly influential features but also those which might be misleading or non-informative.
This can guide the feature selection process, leading to simpler, more interpretable, and
often more generalizable models.

2.3.3. Local Interpretable Model-Agnostic Explanations (LIME)

The main concept of the LIME method is to interpret a complex model by constructing
a simple model. This method begins by perturbing the input data and creating a new,
representative dataset that reflects the original data distribution and characteristics. The
newly generated dataset is then used to train a simpler model, which is inherently more
interpretable than the complex model. The key objective of LIME is to ensure that the
predictions made by this simpler model on the new dataset closely align with those made
by the complex model on the same data. By achieving this alignment, LIME effectively
reveals how the complex model behaves locally around specific instances. It also verifies the
local fidelity of the simple model to the complex global model. The goal of this method is
to identify the features with a high degree of importance to the model [68]. The underlying
principle of LIME is shown in Equation (4). To make the local model more accurately
represent the global complex model, the error between the predicted values of the global
complex model f and the new simple model ¢ must be minimized. Subsequently, the
locality-aware loss function is constructed as Equation (5).

Explanation(x) = argmi(r;lL(f,g, ) +Q(g) 4)
g€
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Lif g m:) = ¥ m(2)(f(2) - () (5)
z,2'€Z
where f denotes the global complex model, i.e., the model to be explained, ¢ denotes the
simple model, G is a collection of simple models, e.g., all possible linear models, 7, denotes
the proximity measure of data z’ in the new dataset to the original data z, and ()(g) denotes
the complexity of simple model g.

2.4. Implementation and Visualization

Python 3.8 was used as the programming language in the current study. Spectral
preprocessing calculations were conducted using NumPy 1.25.2, Pandas, and SciPy 1.11.4.
Keras 2.15.0 and scikit-learn 1.2.2 were utilized for the establishment, training, and perfor-
mance assessment of the DNN models. The interpretability analysis of the models was
conducted using Lime 0.2.0.1, SHAP 0.42.0, and eli5 0.13.0.

3. Result and Discussion
3.1. Model Optimization Results

In this study, the influence of five preprocessing methods (SNV, SG, D1, D2, SG, and
MSC) on the modeling performance was compared based on the R value, as shown in
Figure 4. D1 performed optimally on both the training and validation sets, with R values
of 0.83 and 0.75, respectively. Compared to the original spectra, the DNN model trained on
D1 preprocessed spectra exhibited a significant improvement, achieving the R increase of
0.30 in the training set and 0.247 in the testing set.

1.0 - Training Set
Validation Set
0.8
Q y
E 0.6
= —
- —
o~
0.4 H
0.2
0.0
Origin D1 D2 SNV SG MSC

Pre-processing method

Figure 4. The influence of spectral preprocessing on DNN modeling performance.

To obtain the optimal DNN structure, the number of hidden layers and the number of
neurons in the hidden layer were adjusted [59]. After the architecture optimization, the
selected DNN structure comprised seven hidden layers. These layers contained 2000, 1500,
1000, 600, 400, 200, and 100 neurons, respectively, and were connected by the Leaky ReLU
activation function. To prevent gradient explosion and overfitting, the dropout and early
stopping mechanisms were also used during DNN model construction (Figure 5) [69,70].

As described above, different combinations of dropout rate, batch size, and learning
rate will affect the modeling performance. After comparing the performance of learning
rates of 0.01, 0.001, and 0.0001, a value of 0.001 was found to achieve better performance
and was thus used for the subsequent optimization (Figure 6) [71]. The grid search of the
dropout rate and batch size hyperparameters indicates that the model’s performance was
optimized when the dropout rate was 0.15 and the batch size value was 70. For the above

47



Toxics 2024, 12, 357

optimal parameter combination, the DNN model achieved the R values of 0.85 and 0.79 on
the training and validation sets, respectively.

Drop out

Leaky ReLU

Spectral reflection curve of D1

Learning rate

;

Input layer Hidden layer Hidden layer Hidden layer Hidden layer Hidden layer Hidden layer Hidden layer Qutput layer

(4199x1)  (2000<1)  (1500x1)  (1000x1)  (600x1) (400x1) (200x1) (100x1) (1x1)

Figure 5. The optimized DNN structure.
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Figure 6. The optimized batch size and learning rate.

i
3.2. Model Evaluation

Figure 7a presents a comparative analysis of the DNN model’s performance through-
out the optimization process, ranging from the default model to the optimal model. A
marked enhancement in the DNN's performance was observed during the whole model
construction process. Specifically, the R of the model improved from 0.6 to 0.8 on the
validation set, indicating a significant increase in the correlation between the model’s
predictions and the actual values (Figure 7b). In the meantime, RMSE was decreased from
168.6 to 68.4 and MSE was decreased from 8.16 to 5.84. These improvements in evalu-
ation metrics demonstrate enhanced accuracy and reliability of the model in predicting
chromium content in soil. The discrepancies between the actual and predicted values in
the training, validation, and testing sets were predominantly concentrated within a range
of 10, further underscoring the effectiveness of the DNN modeling (Figure 7c-e). On the
testing set, the optimal DNN model exhibited robust predictive performance with an R
value of 0.79, RMSE of 96.98, and MAE of 5.79. These results indicate that the model’s
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capability to predict chromium content from soil hyperspectral data was enhanced after
the optimization of DNN architecture and hyperparameters.
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Figure 7. Evaluation of modeling performance: (a) Values of model evaluation metrics at each modeling
stage; (b) Comparison of the actual and predicted Cr values using the optimal model; (c-e) Distribution
of the difference between predicted and actual Cr values in the training, validation, and testing sets of
the optimal model, respectively. The ‘default model’ refers to the initial DNN model, “‘preprocess model’
to the model post preprocessing, ‘structure model’ to the model after optimizing the neural network
structure, and ‘optimal model’ to the model achieving the best performance.

3.3. Spatial Autocorrelation and Residual Analysis of the DNN Prediction

Considering that the soil chromium content might have some spatial patterns, Moran’s
index was calculated at 0.287 with a p-value of 0.001 using the residuals and geographical
coordinates from the DNN model. This indicates a tendency for chromium to cluster within
the spatial scope of the European Union, confirming the presence of significant spatial
autocorrelation in the data.

Further analysis was performed on the residuals through kriging interpolation, as
shown in Figure 8. This revealed that large residuals were predominantly distributed
among Southern and Central European countries, while predictions for countries in North-
ern Europe were more reliable. In future research, more tailored DNN models could be
established for different regions or countries within the European Union to enhance the
robustness of the model’s predictions.
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Figure 8. The distribution of the prediction residual across the EU.

3.4. Model Interpretation Analysis

As detailed above, the permutation importance can be calculated by randomly dis-
rupting a single feature in all the samples. This can then be used to calculate the impact
on the model’s accuracy due to the change in that feature and, thus, the importance of
each feature [72]. The calculated feature permutation importance using the optimized
DNN model exhibited a relatively smooth trend (Figure 9); however, there were significant
fluctuations in four specific band ranges: 400-439 nm (region I), 1364-1422 nm (region II),
1862-1934 nm (region III), and 2158-2499 nm (region IV). More pronounced absorption
peaks were also observed in these ranges in the hyperspectral reflection curves processed
using the first-order differential method.

Among these four band regions, region I is mainly attributed to the iron oxide content,
while the peaks in regions II and III are primarily related to the presence of clay minerals
and hydroxyl groups in water [73]. Region IV involves vibrations of metal-OH bonds
and indicates a key absorption peak near 2200 nm; this peak is mainly influenced by
Al-OH bonds, with the main contributing substances being kaolinite, montmorillonite, and
illite [74].

The above permutation importance results indicate that soil Cr content is mainly
correlated with clay minerals and iron oxides. Clay minerals directly influence soil texture
and play a crucial role in the growth of plants and microorganisms. These factors, in turn,
exert a significant influence on Cr content and flow within ecosystems [75]. For example,
montmorillonite, a clay mineral characterized by a layered structure and active surface
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sites, can adsorb Cr through processes such as ion exchange with water within its lattice or
complexation on its surface [75,76]. As an iron-loving element, Cr can be adsorbed with
iron oxides to produce stable precipitates or surface complexes—these promote the binding
of Cr to soil particles and thus reduce damage to the environment [77,78]. Therefore, the
summarized high correlation between Cr content with clay minerals and iron oxides agrees
well with the findings in the literature.
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Figure 9. Permutation importance across the whole spectra. The blue curve is a representative
hyperspectral curve after D1 preprocessing, the red curve represents the permutation importance
value across the spectra, and the four regions are the sensitive band ranges.

In this study, 1000 samples were randomly selected for LIME analysis and their
10 most important features were classified based on the four important regions identified in
Figure 8. The LIME results are summarized in Figure 10. As shown, 77% of the important
features identified in the LIME analysis belonged to one of the four intervals, while the
other 23% were irregularly distributed in the other regions. The above results indicate a
good agreement between LIME and permutation importance results. Notably, the number
of important features in region IV was much higher than those in regions I, II, and III, and
the top 10 most important features identified from the permutation importance were also
distributed in region IV. Therefore, clay minerals were observed to be the most important
indicators for Cr content in soil.

The above importance analysis indicates that the chemical properties of soil signif-
icantly affect the accumulation of Cr in soil. To prevent excess Cr accumulation in the
soil, heavy metal industries should not be distributed in soils with high clay minerals and
iron oxide content. This measure can help minimize the extent and impact of Cr pollution
resulting from industrial accidents and improper sewage treatment. For soils that have
accumulated large amounts of Cr, remediation using iron oxide or clay minerals can be
performed to absorbed Cr from soil.
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Figure 10. LIME importance analysis.

4. Conclusions

In this study, various analyses were performed based on the LUCAS dataset to estab-
lish a DNN model for Cr detection from soil spectra. As part of the optimization process,
the optimal preprocessing method was determined, and the model’s hyperparameters were
tuned. The resulting optimum DNN model can accurately predict soil Cr content from soil
spectra. Meanwhile, four Cr-sensitive bands were identified through the interpretation
using the optimal DNN model. The main conclusions are as follows:

(1) D1 was identified as the optimal preprocessing method for the DNN model to predict
soil Cr content. The R value of the DNN model increased from 0.50 to 0.75 on the
testing set after spectral preprocessing.

(2) The adjustment of DNN architecture and hyperparameters resulted in the further
improvements in the model performance. The R, RMSE, and MAE values of the
optimal model on the testing set were 0.79, 96.98, and 5.79, respectively, which were
significantly improved compared to the default model.

(3) Four important sensitive band regions of Cr content in soil were identified, namely,
400-439 nm (region I), 1364-1422 nm (region II), 1862-1934 nm (region III), and
2158-2499 nm (region IV). These bands correspond primarily to iron oxide and clay
mineral content in the soil.
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Abstract: Copper mining drives economic growth, with the global demand expected to reach
120 million metric tons annually by 2050. However, mining produces tailings containing heavy
metals (HMs), which poses environmental risks. This study investigated the efficacy of phytoremedi-
ation (Phy) combined with electrokinetic treatment (EKT) to increase metal uptake in Carpobrotus
aequilaterus grown in tailings from the Metropolitan Region of Chile. The plants were exposed to
varying voltages and treatment durations. In the control (no EKT), the root metal contents were
Fe (1008.41 mg/kg) > Cu (176.38 mg/kg) > Mn (103.73 mg/kg) > Zn (30.26 mg/kg), whereas in the
shoots, the order was Mn (48.69 mg/kg) > Cu (21.14 mg/kg) > Zn (17.67 mg/kg) > Fe (27.32 mg/kg).
The optimal EKT (15 V for 8 h) significantly increased metal uptake, with roots accumulating Fe
(5997.24 mg kg 1) > Mn (672 mg kg~ !) > Cu (547.68 mg kg 1) > Zn (90.99 mg kg '), whereas shoots
contained Fe (1717.95 mg kg 1) > Mn (930 mg kg~ !) > Cu (219.47 mg kg~ !) > Zn (58.48 mg kg~ 1).
Although EKT enhanced plant growth and biomass, higher voltages stressed the plants. Longer
treatments were more effective, suggesting that EK-Phy is a promising method for remediating

metal-contaminated tailings.

Keywords: environmental remediation; remediation efficiency; electrochemical treatment; hyperac-
cumulator plants; Mediterranean climate-types

1. Introduction

The evolution of mining has greatly contributed to the economic growth of many
countries, underscoring the sector’s global importance [1]. Copper (Cu) mining, in particular,
plays a crucial role in the economic development of several countries. Currently, the global
Cu production capacity is approximately 22 million metric tons (MMTs) annually, led by
Chile, with 5.2 MMTs, followed by Peru and Congo (2.2 MMTs each), and China (1.9 MMTs).
Projections indicate that by 2050, the global Cu demand is anticipated to reach between
86 and 102 MMTs annually [2,3]. However, the extraction and processing of copper produce
significant amounts of mine tailings, which account for 97% of terrestrial minerals [4].
These tailings often contain high levels of heavy metals (HMs), metalloids, and other toxic
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substances, posing environmental risks to soil and groundwater [5,6]. The speciation of
HMs within tailings affects their bioavailability and toxicity, allowing these metals to leach
into groundwater or be taken up by plants, thereby entering the food chain [7].

In Chile, approximately 764 tailings deposits were reported by 2022, with over 14%
being active and approximately 84% being inactive. Most deposits are located in arid
northern regions, where dry Mediterranean climates lead to local pollution from wind
erosion [8]. Tailings stability depends on the structure of the deposits, including sludge,
fine-grained materials, and chemicals such as silicates and sulfides [9]. When sulfide
minerals in tailings interact with rainwater, sulfuric acid forms, which in turn leads to
leaching that contaminates surface waters with toxic HMs, including Cu, Zn, Fe, and Pb.
In northern Chile, sulphate concentrations in mine tailings range from 1243 mg L~! to
2912 mg L~!. In comparison, natural water bodies contain 630 mg L1, 2 and 250 mg L~}
in lakes and 230 mg L~! in groundwater [10-13]. These variations illustrate the substantial
impact of mining on local water quality and availability for human consumption.

HMs go into crops through contaminated irrigation water, soil absorption, or leaf
deposition and accumulate in edible parts via physiological processes [14,15]. The presence
of HM in the food chain poses health risks to animals and humans [16] as even trace
amounts of HM can be harmful [17]. Studies have detected HM levels in various food
products, including beverages, juices, and wines [18-20]. In Chile’s Central Zone, Cu
levels in agricultural soil range from 307 mg kg~! to 596 mg kg ! [21]. In the Copiap6
region, northern Chile, soils surrounding mine tailings have Cu concentrations between
68 mg kg~ ! and 2116 mg kg~ ! [22]. Currently, Chile lacks a defined soil quality standard
for copper levels. In Brazil, guidelines establish an intervention value (IV) of 200 mg kg ™!
(dry weight) [23] for Cu in agricultural soil. Copper levels in Copiap6 agricultural soils
often exceed this threshold. This raises concerns about potential health risks associated
with elevated Cu concentrations in the region.

To reduce HM bioavailability, a wide range of remediation techniques, including
chemical methods (e.g., mineral clays, nanoparticles, and biochar) and biological methods
(plants, enzymes, and microorganisms), have been explored [24-27]. Phytoremediation
(Phy) is a biological method in which plants are used to treat contaminated soil and water.
It removes, degrades, or immobilizes harmful substances. This approach is cost-effective
and sustainable. It also allows biodiversity restoration, improves aesthetics, and enhances
carbon sequestration [26,27]. In northern Chile, native species such as Atriplex nummularia,
Prosopis tamarug, and Schinus molle show promise for Cu phytostabilization [28]. In the
Coquimbo Region, native/endemic plants such as Carpobrotus aequilaterus have demon-
strated adaptability to nutrient- and water-scarce environments, whereas humic substances
increase their Cu uptake [11,29]. Additionally, C. aequilaterus has proven effective in acid
mine drainage treatment using the rhizofiltration technique [30].

Phytoremediation is a sustainable and cost-effective approach for remediating metal-
contaminated soils, but its effectiveness is a standalone method. It is limited by challenges
such as low metal bioavailability, phytotoxicity from high metal concentrations, and the
slow pace of natural growth processes [31]. To overcome these limitations, various enhance-
ment strategies have been developed. For instance, chelate-assisted uptake enhances metal
bioavailability by forming soluble metal-chelate complexes, with synthetic chelating agents
such as EDTA binding to various metal contaminants in the environment [32,33]. How-
ever, these agents pose significant environmental risks as they can mobilize heavy metals
into deeper soil layers and groundwater, leading to contamination beyond the treatment
zone [34,35]. Additionally, their slow degradation and high stability contribute to their
persistence as environmental pollutants, sparking a growing interest in more eco-friendly,
biodegradable alternatives. In response to these challenges, biodegradable chelating agents
such as Ethylenediamine-N,N'-disuccinic acid (EDDS) and low molecular weight organic
acids such as citric acid and glutamic diacetic acid (GLDA) have emerged as promising
alternatives. These agents offer a dual benefit: they exhibit effective chelating properties
while minimizing environmental impact [36]. Another technique to enhance the phytore-
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mediation process is microbial-assisted phytoremediation, which leverages plant-microbe
interactions to improve metal solubilization and absorption and offers additional poten-
tial [37,38]. These combined strategies aim to increase the efficiency and environmental
sustainability of phytoremediation, particularly in addressing the challenges of highly
contaminated environments such as mine tailings.

Considering that Phy is an effective process, it could struggle with highly contam-
inated tailings due to low nutrient levels, limited organic matter, and challenging soil
conditions [39]. Electrokinetic treatment (EKT) offers a complementary approach in which
direct electrical potential is applied through anodes and cathodes in tailings to mobilize
contaminants toward electrodes for extraction. EKT enhances contaminant solubility and
bioavailability, aiding HM uptake by plants when combined with Phy [40-42].

In EKT, electro-osmosis moves water toward the cathode, while electromigration
directs ions toward oppositely charged electrodes, and both mechanisms improve con-
taminant mobility [42]. EKT induces physical and chemical changes in tailings that help
to direct contaminants toward electrodes. Several studies have shown that electrodes
placed in contaminated soil, combined with electrolytes to increase conductivity, improve
treatment efficiency [43,44]. The tailings’ pH also influences pollutant retention or leaching,
while recycling cathodic solutions to anodic areas can mitigate acidic conditions. The use
of buffer solutions such as citric or acetic acid further controls the pH through complexa-
tion or chelation [45,46]. Integrating EKT with Phy benefits mine tailing remediation by
applying low-intensity electric fields that increase contaminant bioavailability for plants.
Electric fields can increase pollutant uptake by plants. They also redistribute heavy metal
concentrations in the soil. Higher levels accumulate near the anode; in contrast, lower
levels are found near the cathode [47,48].

This study aimed to evaluate a synergistic approach by integrating the contaminant
uptake capacity of C. aequilaterus with the enhanced mobility and bioavailability of con-
taminants facilitated through electrical stimulation. The effectiveness of electrokinetic
treatments under varying durations and applied potentials was examined, alongside an
assessment of the resulting micronutrient content in C. aequilaterus plant tissues following
the treatments.

2. Materials and Methods
2.1. Mine Tailings Samples

Cu mine tailing composite samples were randomly collected from the operational
Ovejeria tailings dam (33.05° S; 70.79° W), which is located in the surroundings of the
Huechin community in the Santiago Metropolitan Region, Chile (Figure 1). The tailings
samples were homogenized, air-dried, and sieved to a particle size of <2 mm for later
storage in sealed plastic bins at 20 °C.

b) Study area
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Figure 1. Geographical location of the study area according to (a) Chile reference and (b) the Ovejeria
tailings dam.
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2.2. Determination of the Physicochemical Properties of Mine Tailings

The mine tailings were subjected to physical and chemical characterization procedures
based on the methods described by Sadzawka et al. [49], including the determination of
the pH of the aqueous suspension (1:2.5 w/v), electrical conductivity (EC) of the saturated
extract, and OM content via the adapted Walkey—-Black method. The available nitrogen
(N) was measured via extraction with 2 M KCl, distillation, and titration with 0.001 M
H,S04. The Olsen method was used to determine the available phosphorus (P). For the
available potassium (K) fraction, 1 M NH4CH3CO, was used as an extracting agent for sub-
sequent atomic emission spectroscopy (AES) determination via a Perkin Elmer instrument
(Waltham, MA, USA). Available sulfur (S0,42~) was extracted with 0.01 M Ca(H,PO,), and
measured later via turbidimetric methodology. The total contents of copper (Cu), iron (Fe),
zinc (Zn), and manganese (Mn) in the tailing sample were determined via atomic absorp-
tion spectroscopy (AAS) (Perkin Elmer, Waltham, MA, USA) with previous microwave
acid (HNOs-HF) digestion [50]. An aqueous solution containing DTPA (0.005 M), CaCl,
(0.01 M), and triethanolamine (0.1 M) adjusted to a pH of 7.3 was used for the extraction
and assessment of available Cu, Fe, Mn, and Zn. The contents of these elements were
subsequently determined using AAS. Each measurement was conducted in triplicate. The
determination of soil texture was carried out using the Bouyoucos method [51]. In accor-
dance with Stokes’s law of sedimentation [52], the Bouyoucos method uses a 5% sodium
hexametaphosphate solution and a high-speed mixer to disperse soil samples efficiently.

2.3. Experimental Columns Setup

Polyethylene columns with a height of 21 cm and an inner diameter of 9.56 cm were
used (Figure 2). They were filled with mine tailings to a depth of 20 cm, ensuring uniform
field bulk density. Drain holes were incorporated at the base of each column to collect
the leachate. Two graphite electrodes were placed opposite each other on the column,
5 cm apart, and connected to an Ele-Tech HY3005E-2 Digital DC power supply (HYELEC,
Hangzhou, China). For irrigation to provide essential macronutrients, a Hoagland-based
nutrient solution was applied twice a week. Irrigation maintained the volumetric moisture
content of the tailings above the experimentally determined field capacity (approximately
10% volumetric water content). A peristaltic pump connected to a reservoir facilitated the
irrigation process.

Power
supply

Plant

‘ ‘ Mine

/Tailing

Graphite
/; electrodes

(8

— Perforated
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\Erlenmeyer
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Figure 2. Experimental scheme of the assays.

Three C. aequilaterus plants were cultivated in each column of mine tailings, and
these plants were set up through cuttings, which were directly inserted into the tailings
for subsequent rooting. C. aequilaterus is a succulent native Chilean perennial plant used
for ornamental purposes. The fruits and aerial parts of the plant are edible [29,53,54].
Additionally, C. aequilaterus is a recognized species capable of adapting and thriving
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spontaneously in mine tailings [29] because of its ability to absorb metals, metalloids,
and sulphates.

This study evaluated the effectiveness of 15 V and 30 V voltage levels in enhancing
HM extraction from mine tailings, which was selected on the basis of prior research
highlighting their efficiency without hindering biological growth [55]. The optimization
process involved preliminary trials that balanced effective HM mobilization with the
ecological integrity of the medium, particularly preserving the growth of C. chilensis. The
sustained application of voltage over seven days did not allow the development of C.
aequilaterus environmental impacts. The treatments involved applying different voltages
and durations to the mine tailings. In the first treatment (15 V-4 h), 15 volts were applied
for 4 h twice a week. In the second treatment (15 V-8 h), 15 volts were applied for 8 h twice
a week. In the third treatment (30 V-4 h), 30 volts were applied for 4 h on the same schedule.
Finally, the fourth treatment (30 V-8 h) involved applying 30 volts for 8 h on the same
schedule. Each treatment was replicated three times to ensure the reliability of the results
and to optimize metal removal. For the control treatment, no voltage was applied, and the
mine tailings were monitored under the same schedule without electrical intervention; the
procedure was repeated three times to ensure the reliability of the results and to compare
the metal removal efficiency with that of the treated samples.

The experiment lasted 45 days, during which the electrical conductivity of the leachate
from each column was continuously monitored. Additionally, the soil water content
was measured via a TDR probe from Campbell Scientific (Logan, UT, USA) to assess the
dynamics of the water in the experimental setup.

2.4. Plant Growth and Biomass Accumulation

The initial area of the plant shoots (aerial part and stems) was determined before being
planted in mine tailings. Throughout the growing season, we regularly measured the leaf
area and root length to monitor the growth and accumulation of plant biomass in mine tail-
ings. For leaf area determination, we used Image] version 1.54d image processing software.

The growth data from the plants cultivated in mine tailings were applied to a logistic
growth model via Origin Pro 2019b software. The logistic growth model is defined by
Equation (1):

Ymax
(1 e K=t} M

The symmetrical sigmoid model uses Y to represent the observed foliar area values.

Where Ymax signifies the maximum achievable foliar area (cm?), k represents the
growth rate (day 1), and ty, is the time of the inflection point where growth slows down
(day). The inflection point occurs at 50% of the horizontal asymptote (0.5 X Ymax) in the
logistic model.

2.5. Analytical Determinations in Plant Tissues

The EKT + Phy experiments were conducted at the laboratory of the Faculty of
Agricultural Science, University of Chile (33.56° S; 70.63° W). The laboratory maintained
an average temperature of 20 °C throughout the study period, which closely resembled the
mean temperature of 18.1 °C reported by the weather station in the tailings pond area. The
tests were conducted in the summer between January and December.

The C. aequilaterus plants were preserved for 45 days. Upon completion of the test, the
plants were carefully washed with distilled water. The shoots and roots were subsequently
separated, and their fresh weight (FW) was subsequently determined. The plant tissues
were then subjected to drying in an oven at 65 °C until a constant weight was achieved,
allowing for the determination of dry biomass (DW). The dried samples were ground
separately in a mill for further analysis.

For the quantification of the Cu, Fe, Mn, and Zn contents in the plant tissues, the dried
samples were digested in a microwave oven with HNO3-HF [50] and analyzed via AAS.
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2.6. Statistical Analysis

After evaluation of the statistical assumptions (normal distribution and homoscedas-
ticity), one-way ANOVA with a Tukey HSD as a post hoc test was used to evaluate the
individual influence of each treatment on the HM content in shoot and root tissues. The
data were log10 transformed when the variables did not meet the statistical assumptions.
All the statistical analyses were conducted with R statistic version 4.4.1 and the GraphPad
Prism 8.0.2 software package.

3. Results and Discussion
3.1. Physicochemical Characterization of Mine Tailings

The physicochemical analysis of the Ovejeria tailings sample revealed a moderately
acidic pH, non-saline conditions, minimal OM content, and restricted access to essential
nutrients such as N, P, and K (Table 1). The low macronutrient content (N, P, and K)
creates significant challenges for reusing tailings as reforestation sites. It also hinders the
establishment of self-sustaining ecosystems. This issue is widely reported in studies on
Chilean tailings. Nutrient deficiencies and metal contamination further complicate efforts
toward ecological restoration [11,29]. The mineral content processes resulted in significant
increases in the sulphate content.

Table 1. Physicochemical characterization of the Ovejeria mine tailings.

Parameter Value
pH 5.80 & 0.055
EC (mScm™1) 2.74 £ 0.04
Organic matter (%) 0.55 + 0.04
Available N (mg kg 1) 3.73 +0.47
Available P (mg kg~!) 1.64 £ 0.02
Available K (mg kg 1) 6234+ 0.17

Available SO4%>~ (mg kg™ 1) 410 £ 12

Bioavailable Cu (mg kgfl) 28.1 +£1.04
Bioavailable Fe (mg kg~!) 307 +£9.23
Bioavailable Mn (mg kg 1) 1.73 4+ 0.23
Bioavailable Zn (mg kg~') 437 +0.31
Total Cu (mg kg™') 1924 + 119
Total Fe (mg kg~ 1) 8769 + 468
Total Mn (mg kg™ 1) 187 + 3.58
Total Zn (mg kg™ 1) 92.6 +10.2

Bulk density (g cm ) 1.67

Sand (%) 72.73

Silt (%) 7.22

Clay (%) 20.05

The results revealed a high total content, reflecting the mineral content in the tailings,
but a relatively low bioavailable content. The physical analysis of the mine tailings revealed
that sand accounted for 72.73% of the soil composition. The silt and clay fractions were low
at 7.22% and 20.05%, respectively, indicating coarse-textured mine tailings with moderate
water retention capacity compared with sandy topsoil [56].

3.2. Heavy Metal Contents in Carpobrotus aequilaterus Compartments

Figure 3 displays the HM contents (Cu, Fe, Mn, and Zn) in the shoots and roots of
plants subjected to different electrical treatments. These treatments included 15V for 4 h,
15V for 8 h, 30 V for 4 h, and 30 V for 8 h, alongside a control group. In the shoots, the
Cu content in the 15 V-8 h treatment group was the highest content, significantly greater
than that in the other treatment groups, whereas that in the control group was the lowest.
Similarly, the Fe content was highest in the 15 V-8 h treatment and much lower in the
control and 30 V-4 h treatments. Mn followed the same trend, with the 15 V-8 h treatment
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yielding the highest concentration and the control group the lowest. Zn showed a slightly
different pattern, with both the 15 V-8 h and 30 V-8 h treatments resulting in elevated
concentrations that were significantly higher than those of the control and other treatments.
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Figure 3. Heavy metal contents in plant tissues: Cu content; Fe content; Mn content; Zn content.
Comparative analysis of the control and treatment groups: 15 V-4 h, 15 V-8 h, 30 V-4 h and 30 V-8 h.
The error bar in the graph indicates the standard error of the mean, whereas different letters over the
bars indicate statistically significant differences between means at p < 0.05.

In the roots, the HM content was significantly higher than that in the shoots, indicating
an inverse relationship. The 15 V-8 h treatment produced the highest concentrations of
Cu, Fe, and Mn, whereas significant reductions were observed in the 30 V-4 h treatment.
Overall, the results suggest that electrical treatments strongly influence the distribution
of metals between shoots and roots. Statistical analysis confirmed that, compared with
the control, only the 15 V-8 h treatment significantly increased the Cu, Fe, Mn, and Zn
contents in the roots. The Cu content was approximately three times higher than that of the
control, the Fe content was six times higher, the Mn content was five times higher, and the
Zn content was more than three times higher (Figure 3).

The optimized EKT at 15 V-8 h significantly increased Fe and Cu bioaccumula-
tion within C. aequilaterus. The Fe content reached 5997.24 mg kg~ ! in the roots and
1717.95 mg kg~ ! in the shoots. These values were substantially higher than the levels
recorded in prior studies with potassium humates over 120 days. In those studies, the
Fe content was 2320 mg kg ! in the roots and 546 mg kg~ in the shoots. This study also
surpassed the metal contents reported in earlier research by the same group using similar
tailing samples and plant species [11].

Similarly, the optimized treatment showed superior efficacy in terms of Cu accu-
mulation. The Cu content was 547.68 mg kg~ ! in the roots and 219.4 mg kg~ ! in the
shoots, significantly exceeding earlier studies that reported a value of 29.3 mg kg~ ! i
the shoots [11]. These Cu levels were also comparable to those reported in Achnatherum
splendens Nevski, which grows near mine tailings at the Ashel Cu-Zn and Kirk Tall Pb-Zn
mines in Aletai, Xinjiang, China. In those areas, the Cu content was 554.2 mg kg~ ! in the
roots and 53.00 mg kg ! in the shoots [57].

The Mn distribution pattern in this study differed from that reported in previous
studies. The Mn content was 497.03 mg kg~ ! in the root tissues and 332.82 mg kg !
the shoot tissues, which was significantly lower than the earlier results of 672 mg kg~!
in the roots and 930 mg kg~ ! in the shoots. This variation may result from differences
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in soil composition, particularly the presence of potassium humates, which facilitate the
formation of soluble metal complexes, thereby increasing metal bioavailability.

Zn accumulation was also slightly different. The Zn content was 90.99 mg kg~! in the
roots and 58.48 mg kg ! in the shoots. These values were marginally lower than the earlier
results in the roots (94 mg kg ') and shoots (57.4 mg kg ~'). Such differences may result
from experimental conditions or genetic factors influencing Zn uptake and translocation.
Zn plays essential roles in numerous enzymes and pathways, including carbohydrate and
protein metabolism, auxin regulation, and membrane integrity. Zn plays essential roles as
a structural component and a regulatory co-factor in more than three hundred enzymes,
influencing critical pathways such as carbohydrate metabolism, which encompasses gly-
colysis and the citric acid cycle [58]. These pathways include the metabolism of protein
and auxin, a key plant hormone responsible for growth regulation and response to light
and gravity, pollen formation, maintenance of the integrity of biological membranes, and
resistance to certain pathogens [59].

Several key insights emerged from the experiments. Compared with the 15 V treat-
ment, the higher voltage (30 V) did not enhance the remediation process. Instead, stronger
electric fields appeared to hinder contaminant removal by causing excessive migration
toward the electrodes. This led to physiological stress in C. aequilaterus, reducing growth,
biomass production, and nutrient extraction efficiency. Moreover, higher voltage levels
may induce electrochemical reactions, degrading or transforming contaminants through
oxidation or reduction.

The duration of voltage application is a critical factor influencing the effectiveness of
the remediation process. Compared with the 4 h treatment, the 8 h treatment resulted in
more substantial improvements in the metal content, mine tailing properties, and plant
growth. Extended exposure to the electric field allowed for greater interactions between the
electric field, plants, and mine tailings. This led to enhanced HM removal and improved
conditions in the tailings. A longer treatment duration enabled more comprehensive
redistribution and extraction of HMs. It also increased metal uptake and accumulation by
plants. These processes are primarily driven by electromigration and electro-osmosis. In
more detail, those mechanisms transport ionic species and fluids through the soil matrix
under the influence of an electric field. This finding underscores that longer durations offer
greater opportunities for achieving effective remediation outcomes.

The hierarchy of metal accumulation in plant tissues followed the order of Fe > Cu
> Mn > Zn. This pattern contrasts with the bioavailability sequence in tailings, which is
Fe > Cu > Zn > Mn (Table 1). This difference can be attributed to variations in metal
mobility, plant uptake mechanisms, and the effects of electrokinetic treatments [40,47,48].

Electromigration and electro-osmosis enhance ion mobility within the soil matrix
under an electric field. These processes preferentially mobilize Fe and Cu ions toward
plant roots, aided by their high bioavailability and favorable physicochemical properties.
The electric field also creates pH gradients in the soil, forming localized acidic zones that
increase Fe and Cu solubility. Conversely, Mn and Zn have reduced solubilities under these
conditions, limiting their mobility and plant uptake.

Plants have developed sophisticated mechanisms to acquire essential metals such as
Fe and Cu. Root exudates chelate Fe ions, increasing their solubility and availability despite
competition from other metals [60]. Copper uptake is supported by its vital physiological
role and increased availability from electrokinetic treatments [61]. In contrast, competitive
inhibition affects Mn and Zn uptake. Fe and Cu often share transport pathways with Mn
and Zn, leading to preferential uptake of the former and limiting Mn and Zn accumulation
in plant tissues.

Metal translocation within plant tissues follows distinct patterns. Owing to their high
solubility and mobility in the vascular system, Fe and Cu are efficiently translocated from
roots to shoots. In contrast, Mn and Zn exhibit lower translocation efficiencies, resulting
in limited movement beyond the roots. This difference in translocation contributes to the
observed hierarchy of metal accumulation in plant tissues.
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In summary, metal accumulation in plant tissues is driven by electrokinetic enhance-
ment and intrinsic plant uptake mechanisms. Owing to its high bioavailability and spe-
cialized uptake systems, Fe is dominant. Copper follows because of its physiological
importance and increased availability. The limited bioavailability of Mn is due to its strong
association with soil minerals, whereas Zn forms fewer mobile complexes and compet-
itively inhibits Fe and Cu. Understanding these dynamics is essential for optimizing
phytoremediation strategies and improving nutrient management in agricultural systems.

The experiments demonstrated the effectiveness of combining electrokinetic (EK)
and phytoremediation (Phy) treatments for remediating mine tailings. These treatments
effectively removed contaminants and improved environmental conditions. Key findings
emphasized the importance of optimizing both voltage and duration to enhance treatment
efficacy. The study revealed that 15 V was more effective than 30 V for contaminant removal
without disrupting plant physiology. Prolonged exposure to an electric field significantly
improved remediation outcomes. Longer treatment durations resulted in improved contam-
inant extraction and enhanced plant metal uptake. These findings highlight the potential
of extended treatments to achieve more comprehensive and effective remediation results.

3.3. Plant Growth

The application of the logistic growth model provided valuable insights into plant
growth dynamics. Figure 4 shows the logistic root growth curves and the experimental
determination of the leaf area for the optimal EK treatment (15 V-8 h) and the control group.
Table 2 shows the fitted parameters of the logistic growth model.
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Figure 4. Variations in the leaf area of the designated C. aequilaterus shoots (a) and root length
(b) during their expansion were noted for both the control group and the optimal treatment conditions
(15 V-8 h). The research included four plants, with the vertical bars depicted on the graph indicating
the standard error of the mean. The associations among the observed data points were delineated via
a logistic growth model.

Table 2. Fitted parameters of the logistic growth model for the shoots and roots of Carpobrotus
aequilaterus in the control and 15 V-8 h groups.

Ymax (cm?) tm (day) K (day—1) Reduced Chi-Sqr R?
Shoots
Control 13.63 + 1.349 4.291 4+ 2.737 0.07405 + 0.02037 0.2466 0.9647
15V-8h 19.93 + 1.176 11.86 + 2.033 0.07304 4+ 0.00834 0.2186 0.9939
Roots
Control 8.889 £+ 0.1303 10.66 £ 0.2453 0.2495 + 0.01121 0.3277 0.9985
15V-8h 12.54 + 0.957 23.46 + 2.497 0.1148 + 0.01054 2.6585 0.9979
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In the control group, the model parameters gradually increased. The maximum
foliar area reached 13.63 cm?, with an inflection point at 4.291 days. The goodness-of-fit
indicators confirmed that the model effectively represented the growth dynamics of the
control group. In contrast, the 15 V-8 h treatment resulted in a distinct growth trajectory.
The parameters indicated a greater maximum foliar area of 19.93 cm? and a later inflection
point at 11.86 days. Notably, the model’s predictions closely matched the actual growth
data, as evidenced by the high goodness-of-fit values.

The logistic growth model analysis of root growth also revealed significant findings.
In the control group, root growth followed a well-fit logistic curve with parameters of
Ymax = 8.89 cm, ty, = 10.66 days, and k = 0.2495 day’l. This alignment demonstrated a
strong correlation (R? = 0.9985) between the model and observed growth. Conversely, the
15 V-8 h treatment presented altered dynamics, with Ymax = 12.54 cm, ty, = 23.46 day, and
k = 0.1148 day !. Although the model fit was slightly less accurate, as reflected by a greater
reduction in the chi-square value of 2.6585, the R? value remained high at 0.9979, indicating
a consistent growth trend.

The integration of EKT + Phy requires careful consideration of environmental risks.
The introduction of an electric field can alter the soil pH, creating extremely acidic con-
ditions near the anode and alkaline conditions near the cathode. These pH extremes
negatively impact plant growth and microbial activity by causing nutrient deficiencies or
toxicity. Additionally, electrical potential can significantly influence microbial and enzy-
matic activities [62]. Key enzymes such as urease, invertase, and phosphatase, which are
critical for nutrient cycling and organic matter decomposition, may be adversely affected.
Thus, the overall effectiveness of phytoremediation may be reduced.

The application of an electric field to mine tailings also generates heat due to the
resistivity of the tailings [63,64], which can alter the physical properties of the tailings. This
creates an unfavorable environment for both plants and soil. This research aims to optimize
the use of EKT + Phy while minimizing environmental risk. Controlled electrical potentials
between 15 V and 30 V were applied for 4 or 8 h, twice weekly, to avoid extreme acidic or
alkaline conditions in the tailing soil profile. Additionally, this study explored succulent
and shrubby plants that are tolerant to harsh conditions, aiding in contaminant degradation
or stabilization. These strategies aim to increase the sustainability and effectiveness of
phytoremediation technologies for managing mine tailings.

In summary, the results demonstrate that electrokinetic treatment significantly en-
hances metal uptake and accelerates plant growth. These findings establish it as a promising
tool for optimizing phytoremediation in mine tailing reclamation. Careful calibration of
electrokinetic parameters can improve remediation efficiency and plant health. These find-
ings support the potential of this approach as a viable strategy for the ecological restoration
of contaminated sites.

4. Conclusions

The combined use of electrokinetic treatment (EKT) and phytoremediation (Phy)
represents a promising method for the remediation of metal-contaminated mine tailings, as
evidenced by enhanced metal uptake and improved plant growth. This study demonstrated
that applying a 15 V potential for 8 h significantly increased HM accumulation within
plant tissues while simultaneously increasing plant growth rates, suggesting that this
electrokinetic-phytoremediation approach could be an effective solution for ecological
restoration in contaminated environments. However, our findings underscore that the
effectiveness of this method is influenced by key factors, including the composition of
tailings, pH levels, moisture content, and choice of plant species, each of which has a direct
effect on the remediation process and growth dynamics.

Our results highlight the need for precise optimization of electrokinetic parameters,
such as voltage application and duration, to maximize both metal uptake and plant health.
The enhanced root dynamics and biomass accumulation observed in this study point
to a potentially synergistic effect of EKT and Phy, which warrants further investigation
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to elucidate the underlying mechanistic interactions. For example, understanding how
electric fields influence root architecture and growth kinetics could offer valuable insights
into plant-based reclamation techniques and inform targeted strategies for other metal-
polluted environments.

Future studies should also aim to evaluate the long-term ecological impacts of elec-
trokinetic phytoremediation, including any possible effects on soil microbial communities,
which play a crucial role in sustainable ecosystem recovery. Additionally, research into the
scalability of this approach under field conditions is essential for assessing its feasibility in
diverse mining environments, where soil properties and environmental conditions may
vary widely. Further research will enable the development of more effective, site-specific
strategies to enhance metal uptake and strengthen plant resilience, as well as to reduce the
environmental footprint of mining activities. This knowledge will play a crucial role in
designing sustainable, large-scale restoration techniques that prioritize ecological aspects.
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Abstract: The backfill binder material is the key to the cost and performance of cemented
paste backfill. This study aims to understand the current situation of metal ore backfill
binders, identify industry challenges, inspire research ideas, and explore development
directions. Current research investigates trends and developments of backfill binders
through literature review, experience summary, field research, statistical analysis, and
other methods. Firstly, the main backfill binder types are summarized, including cement,
metallurgical slag, thermal slag, chemical slag, and tailings binders. Secondly, the research
progress regarding reactivity activation, hydration mechanism, harmful ion solidification,
energy conservation, and carbon reduction is summarized. Thirdly, three industrial appli-
cations of new backfill binders are introduced and summarized. Cement is still the most
common, followed by slag powder binder. The cases of steel slag binder and semi-hydrated
phosphogypsum backfill have shown significant effects. Solid waste-based backfill binder
materials are gradually replacing cement, which is a trend. Finally, further research is dis-
cussed, including hydration modeling and simulation, material properties under extreme
environments, hardening process control, and technical standards for backfill binders. This
work provides a reference and basis for promoting green and efficient paste backfill and
sustainable industry development.

Keywords: cemented paste backfill; binders; solid waste utilization; green material; slag

1. Introduction

The cemented paste backfill (CPB) technology creatively utilizes mining solid waste
(waste tailings, rock, and water) to prepare a paste-like slurry backfilling for the excavated
underground voids, eliminating tailings ponds and goaf; forming a high-recovery and
low-dilution mining method; and providing a safe, green, and efficient solution for the
industry [1]. CPB has become a prevalent practice for underground metal mining around
the world.

When preparing the paste, a certain proportion of binder materials, which can account
for 5 wt.% to 20 wt.%, needs to be added to meet the requirements of strength and safety.
Binder materials are the main cost of CPB, accounting for 60% to 80% of the total [2]. For ex-
ample, a mine with an annual production capacity of 5 million tons requires approximately
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200,000 to 300,000 tons of binder material, with a cost exceeding CNY 60 million [3]. CPB
binder has become a limiting factor for the economic feasibility of mining base metals such
as iron in China. Tailings are becoming finer and finer owing to the advancement of mineral
processing technology. As a result, the bonding of ultra-fine tailings requires more cement
to achieve the design strength [4]. Some mines that adopt the downward cut-and-fill mining
method require high strength at a long-term scale and high early strength within 1-2 days
in order to recover adjacent stopes and improve the efficiency of the mining—filling cycle [5].
The mining industry has increasingly stringent requirements for the cost and performance
of CPB binders, where traditional Portland cement can no longer meet the demand. On the
other hand, cement is one of the largest carbon-emitting industries, where approximately
0.9 tons of CO; is released in 1 ton of cement production. China produced over 50% of the
world’s total cement consumption, estimated at over 3 billion tons of CO, annually [6].
It is urgent to develop green cement materials to reduce greenhouse gases. Furthermore,
millions of tons of solid waste are generated annually, occupying extensive lands, polluting
water and solids, and threatening human health [7]. Solid industrial waste valorization in
developing sustainable building materials exhibits encouraging prospects [8]. The research
on developing green, low-carbon, low-cost, and efficient new backfill binder materials
using bulk solid waste has become a hot topic in the current industry [9].

The development of backfill binder material began in 1969 when Australia first
adopted cement for backfilling bottom pillars at the Mount Isa copper mine [10]. In order to
reduce the binder costs, lead-zinc copper slag was used to partially replace cement [11]. In
the early days of Canada, fly ash was used as a cement admixture in nonferrous and gold
mines to reduce costs [12]. Motivated by occasional shortages and high costs of Portland
cement, Glukhovsky first investigated the utilization of local raw materials, including soils
and industrial wastes, as solid precursors for producing sodium silicate binders, which
then were called "geopolymer" binder materials [13]. In recent decades, researchers have
developed various new CPB binders using solid wastes such as slag, fly ash, and red mud,
significantly reducing costs and promoting the development of CPB [14-17].

To help researchers and mining enterprises better understand the current situation
of backfill binder materials in metal mines, this work reviews the current research and
applications of green backfill binder material through a literature review, field research,
statistical analysis, and case studies. The main content is divided into four parts. Firstly,
CPB binder types are summarized and classified. Secondly, the research progress of CPB
binders is reviewed. Thirdly, application cases of three binder types are introduced. Finally,
the trends and further work in the research and application of CPB binders are discussed.
The work aims to provide a reference and basis for promoting green and efficient paste fill
and sustainable development.

2. Types of Backfill Binder Materials

The development of binder material has evolved from the earliest form of cement
to various new materials. The main idea is to fully utilize multiple bulk solid wastes,
which usually have potential hydraulic properties, also known as pozzolanic proper-
ties, and then prepare binders through various activation methods. According to the
different originalities of pozzolanic solid wastes, CPB binders can be divided into the
following types.

2.1. Portland Cement

Owing to the development of the construction industry, Portland cement is one of
the earliest binder materials, and it has been widely used for hundreds of years. Jinchuan
Nickel is the earliest mine in China to introduce the cemented backfill mining method [18].
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It mainly uses Portland cement as the binder material, combined with coarse aggregates
composed of rod-milled sand and waste rocks. The slurry concentration is 79-81 wt.%,
with a cement content of 310 kg/m3 to obtain the desired strength at 3, 7, and 28 days
of 1.5, 2.5, and 5 MPa, respectively. The advantages of Portland cement are its stable
and reliable quality and its wide range of sources. However, research shows that when
ultra-fine tailings with particles below 74 pm exceed 75 wt.%, the 28-day CPB strength is
only 1.6 MPa using Portland cement at a cement-to-sand mass ratio of 1:4 [19]. Portland
cement can be considered unsuitable for cementing ultra-fine tailings. In addition, in some
non-metallic mines such as potash mines, special cement, such as aluminum magnesium
cement, should be used to bind the brine and salt [20]. Overall, Portland cement is still
the most popular CPB binder, but it will gradually be replaced by newly developed
green materials.

2.2. Metallurgical Slag Binders

According to the China Statistical Yearbook 2023, the general industrial solid waste
production in China was 411.4 million tons, with a comprehensive utilization of 237 million
tons, accounting for only 57%. General industrial waste usually includes blast furnace slag,
steel slag, red mud, nonferrous metal slag, fly ash, coal slag, etc. Metallurgical solid wastes
are widely used to develop backfill binder materials.

2.2.1. Iron and Steel Industry Slag

The production of pig iron and crude steel in China accounts for more than half of the
world’s total [3]. Blast furnace slag (BFS) and steel slag (SS), the most common and largest
metallurgical solid wastes, have an annual output of 300 million tons. Their production
process is shown in Figure 1. BFS has a glass content (CaO-5i0,-Al,O5 solid solution) of
over 80 wt.%, which is widely used as a supplementary cementitious material (SCM) in
cement and concrete. BFS binder, which is composed of about 70 wt.% BFS powder and
30 wt.% activators (clinker, gypsum, and others) has been applied successfully. Studies
show that under the same conditions, the CPB strength with BFS binder is 2-3 times that
of cement CPB, while the manufacturing cost is only 40%-45% that of cement [21]. BFS
can be activated by alkali and sulfate to generate large quantities of hydrated calcium
silicate (aluminate) and ettringite hydration products, which have a good bonding effect
on fine tailings [22]. The fineness of the slag and the curing temperature are crucial to CPB
performance. It is usually necessary to grind it to a specific surface area above 400 m?/kg.
The finer the slag, the higher the activity. The curing temperature of the BFS binder should
be above 10 °C, owing to the hydration rate, which is severely reduced in low-temperature
environments. In contrast, a temperature around 30 °C can promote early strength without
affecting later strength [23]. A case study in the Doyon mine (Quebec, QC, Canada) used a
combination of 30 wt.% Portland cement and 70 wt.% BFS, representing 5 wt.% of the total
dry tailings weight to improve its environmental behavior in the sulfide tailings CPB [24].

The BFS powder is used extensively in cement, and its price is close to that of cement
in China. Many researchers have begun to use steel slag, developing binder materials to
reduce costs and improve the utilization rate of solid waste. Steel slag is a by-product of
steelmaking, which can be divided into basic oxygen furnace (BOF) slag, electric arc furnace
(EAF) slag, refining furnace slag, etc. Most steel slag in China is BOF slag, and its main
mineral composition is blite, which can be considered a "burnt clinker" that exhibits low
hydrability. Therefore, it is usually necessary to combine it with other pozzolanic materials,
such as slag and fly ash, to develop steel slag binders. There are several SS binder systems,
including SS—cement, SS-BFS, SS-BES-cement, SS-BFS-gypsum, SS-BFS-silica fume, and
SS-gypsum-fly ash. The weight percentage of SS powders in binder materials can range
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from 30% to 60% [25]. The SS-BFS-gypsum system exhibits good performance, and its
CPB strength is not lower than that of cement CPB under the same conditions, while its
production cost is only about half that of cement [3]. Researchers from the US suggested
that EAF slags should be aged for at least 6 months and BOF slags for at least 24 months in
open air conditions before being used as backfill material, considering their mechanical
performance, heavy metals leaching, and particle size distribution [26].

iron, coke
limestone
'
exhaust
gases ._/); Q —. gases

hot air—

pig iron-

Blast furnace Basic oxygen furnace

Figure 1. The production process and appearance of BFS and BOF slag.

In summary, BFS- and SS-based binders are the most likely to replace cement and have
begun to be promoted in many mine practices.

2.2.2. Nonferrous Metal Metallurgical Slag

Copper, nickel, lead, zinc, and other nonferrous metallurgical slags, shown in Figure 2,
are also important components of general industrial solid waste, with an annual yield of
over 30 million tons. Compared with BFS, the content of calcium and aluminum oxides in
nonferrous metallurgical slag is lower, and the content of iron oxides is higher, resulting in
lower reactivity, higher specific area, sharp shape, and harmful ions content, which makes
them challenging to utilize [27]. Many researchers have studied the utilization of nonferrous
metallurgical slag in cement based on the experience of BFS. Zhu et al. [28] addressed the
problem of low activity caused by high iron content and low calcium content in copper slag
by using high-temperature reconstruction, mechanical activation, chemical excitation, and
reduced quenching methods. The prepared binder CPB strength was still lower than that
of cement. Liu et al. [29] developed a lead-zinc smelting slag-based ecological mine backfill
by mechanical and alkali activation methods. The CPB strength met the requirements
for high-strength grade self-weight backfill, the solidification ratio for each heavy metal
exceeded 70%, and the cost of CPB was reduced. Wang et al. [30] produced a cemented
backfill material with secondary smelting water-granulated nickel slag, composite activator
(gypsum, carbide slag, Na;SO,4 and clinker), and iron ore tailings. The 28-day flexural and
compressive strength of CPB material reached 1.99 MPa and 3.38 MPa, which meet the
requirements of mine backfill. Behera et al. [31] utilized lead-zinc mill tailings and lead-zinc
smelter fuming furnace slag as paste backfilling for an underground metalliferous mine
in India and found that the use of crushed fuming furnace slag as a cement replacement
showed encouraging results of strength development, and the paste backfilling cost per ton
was reduced significantly. Overall, due to properties of low reactivity, limited distribution,
and hard grinding, utilization of nonferrous metallurgical slag in backfill binder materials
is limited in individual cases. The properties of this type of slag determine that it is more
suitable for use as backfill aggregate.
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Copper slag Nickel slag Zinc slag

Figure 2. Appearance of some nonferrous metal metallurgical slags.

2.3. Thermal Slag

Thermal slag refers to residues generated after incineration in thermal power plants,
incinerators, etc., mainly including fly ash and circulating fluidized bed (CFB) slag.

2.3.1. Fly Ash

Fly ash is a substance discharged from the flue of a power plant after coal combustion
and collected by a dust collector. Its composition is similar to high-alumina clay, mainly
in a glassy state, with SiO, and Al,O3 contents accounting for more than 80%. Under
alkaline conditions, FA can undergo hydration reactions and produce gel-like products.
According to China’s national standard GB/T 1596 [32], FA can be classified into three
grades based on fineness, water demand ratio, loss on ignition, moisture content, and sulfur
trioxide content. FA grade I has been widely used as SCM in cement and concrete. In mine
backfill, FA grades II and III are usually used to partially replace Portland cement, which
can improve the flowability of the slurry and the later strength of the CPB but reduces
the early strength [18]. FA is more used in coal mines because of its ability to improve
the strength, impermeability, and chemical resistance of the backfill body [33]. In metal
mines, Behera et al. [34] investigated the efficacy of FA as a partial replacement (25 wt.%)
for Portland cement for paste backfill application, finding that UCS development is more
sensitive toward FA replacement. Xiao et al. [35] proposed a new backfill binder made
with 40 wt.% of low-quality Class F FA to totally replace Portland cement. The result
showed that the new FA binder could meet the strength requirement of three different
mines regarding different subsequent filling and cut-and-fill mining methods, and the
binder costs were reduced by more than 30%. In Australia, backfilling with FA as a partial
cement replacement and plasticizer enabled continuous longwall mining through old
stub headings; however, proper drainage and prevention of erosion should be achieved
to maximize its stabilization [36]. Due to the prevalence of FA in thermal power plants,
utilizing FA to partially replace or prepare new binder materials has inspiring prospects.

2.3.2. Circulating Fluidized Bed Slag

The CFB slag is the combustion residue brown ash from the circulating fluidized
bed, consisting of complex substances of fuel ash, unburned carbon particles, and other
impurities. The main mineral composition includes quartz, calcite, hard gypsum, lime, and
hematite. Zhang et al. [37] prepared clinker-free cemented backfill materials containing CFB
slag (2040 wt.%). The material exhibited excellent filling performance and promoted the
formation of a greater polymerization degree of the C-A-5-H phase. Yang et al. [38] pointed
out that CFB contains a large amount of calcium sulfite and free calcium oxide, which
have risks of volumetric expansibility and instability. It can be combined with BFS slag
to prepare binder materials, minimizing expansion. Liu et al. [39] reviewed the rheology,
mechanics, microstructure, and durability of CFB binders and pointed out that adding
nanomaterials or modifying CFB slag may become a large-scale utilization method. The
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utilization of CFB in backfill binders is still limited; further research should be conducted,
since more than 280 million tons of CFB slag are produced every year in China [40]. Longo
et al. [41] presented some case studies from South Africa and the US, demonstrating the
recipes and process design that can be implemented to solve coal combustion residues by
measuring the paint filter test, hydraulic conductivity, strength as defined by Unconfined
Compressive Strength (UCS) tests, and acid generating potential.

2.4. Chemical Industry Slag

Chemical waste refers to solid waste generated during the production processes of
the chemical industry. The pollution caused by chemical waste is widespread, making it
difficult to control. The typical chemical slag in the mine backfill field is mainly phospho-
gypsum and red mud.

2.4.1. Phosphogypsum

Phosphogypsum (PG) is produced in tens of millions of tons annually from the
production of phosphate fertilizers, phosphoric acid, and other phosphate chemicals. Most
PG is stacked on the surface with extremely low utilization rates. Using PG as a raw material
for filling underground voids has become an important disposal approach. The main
component of PG is calcium sulfate dihydrate, which contains incompletely decomposed
phosphate ore, residual phosphoric acid, fluoride, acid-insoluble substances, organic matter,
etc. Min et al. [42] studied the strength performance of PC backfill through four binder types
and found that the hydration process of CSA and CAC exhibited markedly fast hydration
and UCS improvement. Nizeviciené et al. [43] investigated the neutralization process of the
acid impurities of PG through mechanical activation together with the neutralizing zeolite
additive. The hazardous phosphate impurities can be absorbed with higher compression
strength. Wang et al. [44] proposed a hemihydrate PG backfill mixture consisting of
60 wt.% PG, 2.3 wt.% of quicklime, 5.7 wt.% of tailings, and 32 wt.% of water. Though
the mechanical strength can meet requirements, interaction effects between temperature
and pH on 28-day strength degradation were observed. The application of PG as backfill
material is promising and of great significance in solving the problem of PG disposal in
China. Hemihydrate PG can be prepared into binder materials for common CPB methods
within the first 137 h of aging; thereafter, it can be used only as an inactive aggregate [45].
The application of PG still faces problems such as a fast reaction rate, easy pipe blockage,
and emitting irritating odors after solidification and decay.

2.4.2. Red Mud

Red mud is an industrial waste generated during alumina production from bauxite,
including sintering red mud and Bayer red mud (BRM). The BRM is the most common,
producing 1.2-1.5 tons for every 1 ton of alumina. Wang et al. [46] investigated the
durability, microstructure, permeability, and environmental properties of CPB with BRM,
FA, and cement; the CPB strength reached 1.25 MPa and 2.37 MPa after curing for 3-day
and 28-day, respectively, and the heavy metal concentration and pH value of the leachate
were within the standard range. BRM is a strongly alkaline substance, which is prone to
risks such as frosting, corrosion, and groundwater pollution. Strong alkalinity is the key
factor restricting the utilization of BRM. However, the alkalinity can be used to promote
the hydration of pozzolanic materials such as fly ash and slag. Li et al. [47] used BRM as
an alternative activator to sodium hydroxide with BFS as the precursor; the result showed
that CPB exhibited significantly better mechanical properties, with a 57%-94% increase
in uniaxial compressive strength at 28 days compared with CPB made with Portland
cement. Suchita et al. [48] pointed out that neutralization/treatment of red mud using
different techniques such as using mineral acids, acidic waste (pickling liquor waste), coal

75



Minerals 2025, 15, 97

dust, superphosphate, and gypsum as amenders; CO,; or sintering with silicate material
and seawater is the only alternative to make the bauxite residue environmentally benign.
Further studies should focus on exploring the economic viability of these processes for
better waste management and disposal of red mud.

2.5. Ultra-Fine Tailings

Tailings usually contain a large number of inert substances such as SiO, and are used
as aggregates in backfill. However, converting these crystalline, non-reactive phases into
more amorphous, reactive phases can activate the tailings” cementitious activity, which
can then be used for cementitious material. Research showed that mechanical, thermal,
chemical, and coupled activation technologies were usually used in tailings processing [49].
Grinding into ultra-fine particles is essential for activated tailings, which can increase
the specific surface area, improve the surface energy and activity, increase the degree of
participation in hydration reactions, promote the formation of a large number of acicular
ettringite and C-S-H gel, improve the pore structure of hydration products, and lead to
denser microstructure [50]. At present, mailing gold and iron tailings are used as mineral
admixtures in cement and concrete with an incorporation rate of less than 10 wt.%.

For the above five main types of backfill binders, the active Ca-Si-Al chemical composi-
tions, which are taken from the literature and field investigation, are shown in Figure 3. The
diagram can provide a basis for activity evaluation, modification methods, and utilization
of potential backfill binder material. Key properties and some examples of the green mine
backfill binders are listed in Table 1.
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A Copper slag

@ Lead-Zinc slag
< Blast furnace slag
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w \:alla olas
\ 4 INIURIC dSlag
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[> Tron tailings
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Figure 3. Phase diagram of Ca-Si-Al composition distribution of main solid waste materials.

Table 1. Key properties and examples of current green mine backfill binder types.

Binder Types Examples Key Features References
C dblend Ordinary Portland cement Not applicable for ultra-fine tailings [19]
ement and blend cement Slag, FA, etc., blend cement SCM replacement ratio 20-80 wt.% [51]
Metallurgical slag Alkali + BFS + gypsum 70-90 wt.% BFS, excellent binding performance [21,52,53]
developed binders SS + BFS + gypsum 30-60 wt.% SS, good binding performance, low-cost [3,54]
Nonferrous metallurgical Cement partially replaced by copper, Low reactivity of slag, slag replace ratio < 30 wt.%,
; ) . X e rat [29,30]
slag binders nickel, lead, zinc slag heavy metal iron leaching risk
Thermal slag . o o
developed binders FA + BFS + gypsum; FA + SS + gypsum 30-60 wt.% FA, good binding performance, low cost [17,35,55]
Chemical industry PG + BFS + alkali Up to 70 wt.% of PG can be used, good binding [45,56,57]
slag-based binders performance, low cost
BRM + BFS + gypsum Good performance, low cost, alkaline leaching risk [47,58]
Tailings-based binders Tailings + alkali + BFS Tailings ratio < 30 wt.%, limited tailing types [34,59]
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3. Research Development of Backfill Binder Materials

The previous section summarized five different types of backfill binder materials.
Solid waste-based binders mostly require activation, have similar hydration mechanisms,
and have advantages in performance, economy, and the environmental perspective. These
properties are hotspots of current research.

3.1. Research on Slag Activation Methods

The primary raw materials for new backfill binders are bulk solid wastes with poz-
zolanic activity. Under normal circumstances, these materials do not undergo hydration
reactions, except alkali and other activation methods are introduced.

The quality or reactivity of slag is critical for its utilization. From Ashfaque’s study,
there is a wide range of standardized and non-standardized methods used to evaluate
reactivity, which can be divided into direct methods measuring physical properties or
indirect methods measuring chemical properties [60]. Among them, the strength activity
index, which is the compressive strength of concrete/mortar containing additives com-
pared with reference concrete/mortar samples at different curing ages, is used in Chinese
national standard GB/T 18046-2017 evaluating BFS’s reactivity [61]. Various pre-treatment
techniques and methods can be employed to enhance the reactivity, such as grinding,
calcination, and modified catalysis. Grinding to finer particles can damage the structure of
the glass body, causing cracks and distortions in the crystals, reducing crystallinity, and
increasing the specific surface area of reaction, and thus, enhancing activity. Calcination can
achieve the decomposition and recombination of minerals, obtaining more useful active
components. Modified catalysis optimizes the functional groups on the particle surface by
adding modifiers, achieving improved surface activity, solubility, and other properties.

The potential reactivity of slag needs to be activated to obtain hydraulic properties.
Typical activation methods include mechanical, thermal, chemical, and combined tech-
niques. Xie et al. [62] investigated the mechanical grinding activation of magnesium slag for
backfill and showed that the optimal grinding time should consider energy consumption
and technical benefits, and the corresponding specific surface area and 45 um sieve residue
are 503 m?/kg and 3.83%, respectively. A study showed that the multi-phased cement
clinker prepared at 1400 °C with the raw material containing 16.86% steel slag has compa-
rable grindability and soundness to the normal Portland cement clinker [63]. Higher curing
temperature can lead to a decrease in arsenic released from the slag—CPB, faster hydration
rate and pozzolanic reaction, and lower volume of connective pores [64]. Alkali and sulfate,
such as sodium hydroxide, calcium sulfate, and sodium sulfate, are commonly seen in
chemical activation slag with excellent performance [3,47,49]. Industrial salt and alkali
activators include desulfurization gypsum, fluorogypsum, water glass, clinker, carbide
slag, steel slag, red mud, mirabilite, etc.

Figure 4 summarizes the current activation methods for CPB binders. Due to the
differences in physicochemical properties, diverse slag types, and different application sce-
narios, it is difficult to determine the optimal activation scheme in practice, and combined
activation experiments need to be conducted.
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Figure 4. Current activation methods for solid waste based backfill binders.

3.2. Research on Hydration Mechanism

The study of the hydration mechanism of binder materials focuses on the feasibility of
the hydration reaction, hydration product analysis, and reaction rate (hydration kinetics).
The laws of thermodynamics and the principle of minimum Gibbs free energy are the
theoretical bases. Although different types of raw solid waste are used, and the hydration
mechanism varies for different binders, the hydration process has an outstanding com-
mon feature, which is the formation process of hydrated calcium silicate (aluminate) and
ettringite (AFt), as shown in Equation (1):

xCa?T + OH™ +SiO,(aq) + HO - C—~S—H+HT
Ca*" + OH™ + Al)Os(aq) + H0O - C—A—-H+H" (1)
Ca0-Al O3 + 2Ca0 + 3CaSO,-2H,0 + 30H,O — AFt

The hydration process of CPB binder materials can be divided into five stages. The first
stage is the hydrolysis of the alkaline activator, forming an alkaline solution environment.
The second stage is the equilibrium of precipitation dissolution of Ca(OH), generated by
OH™ and Ca*". In this stage, pozzolanic materials such as slag and fly ash are dissolved
by OH™ to form HpSiO?~ and H,AlO; . In the third stage, Ca>" reacts with HySiO?~
and HyAlO; to produce a quantity of gel products such as hydrated calcium silicate
and hydrated calcium aluminates. The fourth stage involves the reaction of SiOi_ with
H,AlO; and Ca?* to form microcrystalline AFm and AFt. The fifth stage is the gradual slag
deposition and gel growth of hydration products on the surface of the particles, creating
a complex structure of flocs. For example, the hydration process of the SS-BFS—gypsum
binder system, modified from Hao’s study [65], is shown in Figure 5. Helinski et al. [66]
proposed a model showing that the pore-water pressure change depends on the amount
of volume change associated with the cement hydration, the incremental stiffness change
in the soil, and the porosity of the material. The rate of hydration and volumes of water
consumed during hydration were unique for each cement-tailings combination regardless
of the mix proportions.

The hydration heat of the metallurgical slag binders can be divided into the rapid
reaction period, induction period, acceleration period, deceleration period, and slow
hydration period. However, compared with Portland cement, the hydration heat release
is significantly reduced, and the duration of the induction and acceleration periods is
shortened considerably [67]. Low hydration heat is beneficial for reducing the risk of
cracking or strength reduction caused by thermal stress in a massive filling body. The
hydration kinetics model can be derived from the hydration heat monitoring curve. Then,
a specific model for such materials can be established to describe the degree of hydration,
hydration products, and other characteristics. Numerous hydration kinetics have been built
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from the literature, e.g., Byfors, Knudsen, Hansen and Pedersen, Basma et al., Nakamura
et al., Cervera et al., Schindler and Folliard, and Bentz [68].
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Figure 5. The hydration reaction process of the steel slag-slag-gypsum system.

3.3. Research on Harmful lon Solidification

Metallurgical slag and tailings may contain harmful metal ions such as lead, arsenic,
chromium, and cadmium, which are prone to migration. The issue of harmful ion leaching
should be carefully examined before utilization. A study by Zhu et al. [69] showed that C-5-
H exhibits various disordered layered structures at different Ca/Si ratios, exhibiting strong
ion adsorption performance. The principle of heavy metal ions solidification in C-S5-H gel
can be divided into four ways: adsorption, ion substitution, insoluble matter generation,
and encapsulation [69]. For example, in the arsenic solidification system of slag cement
backfill, the calcium ions generated during the hydration process will react with the free
arsenate or hydrogen arsenate ions in the pore fluid to achieve rapid arsenic fixation, that is,
calcium-arsenic combination [70]. Zhang et al. [71] found that the metallurgical slag binder
material has a higher lead solidification efficiency than Portland cement, mainly because
of the adsorption of Pb>" on the hydrated C-S5-H gel and the synergistic effect of Pb>*
entering into the AFt and salt structure in the same phase. A suitable CPB mixture design
to control the release of all heavy metals in CPB is of practical importance for groundwater
quality [72]. The CPB prepared with metallurgical slag binders has smaller porosity, smaller
pore diameter, and a large amount of gel-like hydration products, improving strength
performance and facilitating the solidification of harmful ions [3].

3.4. Research on Energy Conservation and Emission Reduction

The cement industry, which produces 2.38 billion tons annually, contributes to more
than 10% of the country’s total carbon dioxide emissions. Each unit ton of clinker produc-
tion emits 0.85-0.90 tons of carbon dioxide. Solid waste-based backfill binders are prepared
by grinding industrial solid waste such as slag, steel slag, gypsum, and fly ash. This not
only avoids environmental damage caused by the excavation of clay minerals required for
clinker but also significantly reduces energy consumption and carbon emissions by requir-
ing grinding without sintering. Traditional cement binders can be responsible for up to 70%
of the greenhouse gas emissions in the mine backfill process [73]. Research has shown that
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the environmental impact of cementitious materials throughout their entire lifecycle can be
divided into stages: raw material production, raw material transportation, cementitious
material preparation, cementitious material transportation, and the construction stage.
The carbon emissions of solid waste-based binders can be reduced by 18.62% to 38.35%
compared with traditional Portland cement materials [74]. Liu et al. proposed the concept
of carbon dioxide backfill, defined the calculation boundaries for carbon footprint and
carbon consumption in CO, backfill, and calculated that the carbon consumption of 1 ton
of CO, filling material throughout the entire lifecycle can reach 200-550 kg [75]. Therefore,
solid waste-based backfill not only has advantages in the comprehensive utilization of solid
waste but also in energy conservation and emissions reduction, forming zero carbon and
negative carbon backfill.

4. Progress in the Application of New Backfill Binders

Owing to breakthroughs in theory and technology from a research perspective, various
new backfill binder materials have been applied with good performance, low cost, and
environmental friendliness. This section introduces three successful industrial cases.

4.1. Jiaogu Powder

Jiaogu powder (JGP), also known as BFS-based backfill binder material, is currently
the most widely used binder material after Portland cement in China’s metal mines. It
usually comprises 70 wt.% BFS powder and 30 wt.% activator (clinker and gypsum), and
it has achieved significant results in commercial applications. China’s JGP originated in
the Shandong province in 2004, where its first production line had an annual output of
20,000 tons for underground filling at Sanxin Company (Daye, China). Under the same
cement dosage (dry contents 10 wt.%) and slurry concentration (74 wt.%), the strength
of the slag-CPB was more than twice that of the cement-CPB, and the slurry flowability
and workability were good [52]. After years of development and improvement, the JGP
utilization has been shifted from combining the “C material” (activator) shipped from
Shandong with local slag mixture to localized manufacture across the country. The raw
materials are widely sourced, the grinding process is simple (industrial ball mills), the
production cost is low, and the binding performance is good. According to incomplete
statistics, there are currently over 50 JGP manufacturers in China. There are two utilization
strategies, shown in Figure 6: (1) Finished JGP products manufactured in a grinding plant
and then transported in tank cars to the backfill plant users. This method is convenient
to apply, but the product price is high, and the users cannot control the quality. (2) Mine
users buy the three raw materials separately and then mix them using a Raymond mill or
place them in multiple powder silos in the backfill plant. This method has the lowest cost
but requires accurate control of the mixing ratio to avoid activation failure accidents. If a
mine has an annual usage of over 10,000 tons, it is also preferable to build a grinding plant
next to the backfill plant with the benefits of quality and costs being controllable. The cost
savings can enable the construction investment to be recovered within 3 years.
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Figure 6. Two strategies for applying JGP utilization are (a) the process of using finished products
and (b) the process of JGP mixing in the backfill plant.

4.2. Steel Slag Gujie Powder

Indoor experiments have shown that the backfill binder made with BFS-SS-gypsum
has good binding properties and low production costs. In 2019, steel slag Gujie powder
(SSGJP) achieved its first national large-scale industrial utilization in the Zhongguan Iron
Mine, Hebei province, China. The SSGJP has SS content of 40 to 45 wt.%, showing excellent
binding performance for ultra-fine tailings that have —74 pum fine particles accounting for
89.2 wt.%. The backfill plant built two powder silos and independently purchased raw
material powders to be mixed in the backfill controlling system, as shown in Figure 7. The
BFS powder and composite powder (SS and gypsum) are, respectively, transported to a
double-axis horizontal mixer by a double screw feeder and then prepared into a paste slurry
with a concentration of 58-62 wt.% through a high-speed activation mixing system. Finally,
the paste is transported by gravity or pump to the underground voids. The underground
strength sampling shows that the 28-day strength of SSGJP-CPB with a cement-sand mass
ratio of 1:8 is greater than that of the cement-CPB with a cement-sand mass ratio of 1:4.
Until the end of 2024, the SSGJP has been used continuously for over 350,000 tons in the
Zhongguan Iron Mine (40,000 to 50,000 tons every year). The cost of the SSGJB is reduced
by more than CNY 100/ton compared with cement. The material’s performance and cost-
effectiveness are significant, providing referencing examples for promoting SS binders in
similar mines in China.
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Figure 7. The schematic diagram of the SSGJP backfill process in Zhongguan Iron Mine.

4.3. Phosphogypsum Backfill

Utilization of PG in mine backfill may be the most effective technology for large-scale
and green disposal of PG. As early as 2005, the Kaiyang Phosphate Mine (Guiyang, China)
achieved industrial utilization of PG paste fill for the first time using cement, fly ash, and
PG at a mass ratio of 1:1:(4-10). The backfill system has a capacity of 40 m®/h and a CPB
consolidation strength of 1.3-2 MPa. In recent years, ChanHen Chemical Co., Ltd. (Fuquan,
China) developed a hemihydrate PG backfill technology (CHHPG), as shown in Figure 8.
The CHHPG consists of hemihydrate PG accounting for over 95 wt.% and the rest alkaline
modifiers. The paste concentration is 69 wt.%, and the strength of the CPB at all ages is
greater than 3 MPa, with good fluidity, meeting the requirements of mines. ChanHen has
built three backfill stations in Xiaoba, Xingiao, and Gongjishan, forming a large-scale PG
filling condition of 150,000 tons per month. The CHHPG backfill technology can solve the
problem of PG and tailings storage in phosphate chemical enterprises, constructing a new
circular economy model of the “integrated mining—chemical industry”.

Figure 8. The industrial backfill of hemihydrate phosphogypsum backfill.

5. Discussion of Trends and Further Work of Backfill Binder Materials

Although significant progress has been made in the research and application of solid
waste-based backfill binder materials, there are still many problems that urgently need to
be solved.
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5.1. Modeling and Simulation of Hydration and Hardening

Due to differences in material properties, equipment types, and production processes,
the physicochemical properties of raw materials vary greatly. Substantial experiments
usually need to be conducted to seek the optimal ratio, which can be time-consuming
and cost-ineffective. Furthermore, in some cases, it is necessary to regulate the hydration
reactions to meet the demands of early strength and slow setting. It is urgent to reveal the
full hydration mechanism and to conduct hydration process modeling and simulating, and
then, predict the hardening CPB properties such as hydration products, pore structure, and
strength based on the physical and chemical properties of the materials and tailings.

5.2. Material Performance in Extreme Environments

With mining shifting to deep and high-altitude areas, the circumstances for backfill are
becoming increasingly stringent, and the requirements for binder materials are becoming
stricter in environments such as high temperature, low temperature, rich water, sulfur rich,
and strong alkali. For example, research has shown that temperature significantly impacts
the hydration performance of slag-based CPB. The hydration performance of slag powders
is severely slowed down below 10 °C, while around 35 °C, it is beneficial for improving
early strength without affecting later strength. At 50 °C, it is easy to cause internal cracking
and a reduction in strength. In winter, the underground temperature of mines in Inner
Mongolia, Xinjiang, and other places in China can be below zero degrees. It is worth further
research and exploration on how to ensure material hydration and CPB performance, as
well as to reduce the probability of freezing and pipe blockage, in such environments.

5.3. Technical Standards for Backfill Binder Materials

In the national standard GB175-2023, the strength grades of Portland cement are
divided into six grades: 42.5, 42.5R, 52.5, 52.5R, 62.5, and 62.5R [76]. The strength grades of
slag cement, fly ash cement, and volcanic cement are divided into 32.5, 32.5R, 42.5, 42.5R,
52.5, and 52.5R. The strength grades of composite Portland cement are divided into four
levels: 42.5, 42.5R, 52.5, and 52.5R. The American Society of Testing Materials (ASTM)
standard C150/C150M-24 specifies cement as types I, IA, II, IIA, 111, IITA, and V [77]. The
ASTM standard C989/C989M-24 specifies slag cement for use in concrete and mortars [78].
These standards provide important guarantees for the application of construction cement.
However, currently, there is no relevant grade standard or quality standard for backfill
binder materials (aggregate tailings). In application, the binder material is verified based on
a strength test sampled from each batch. If there are quality problems, there is no relevant
evaluation standard, which may be detrimental to the industry’s development.

There are significant drawbacks to using the same grade evaluation of cement stan-
dards. In more than ten years of application experience, a contradictory situation is often
found: if the backfill binder grade is tested according to the cement standards, the grade
may be extremely low; however, its bonding effect (strength) on the mine tailings is better
than that of 32.5 or 42.5 cement CPB. Therefore, it is necessary to explore a new method for
determining the grade and quality of backfill binder materials.

6. Conclusions

(1) New solid waste-based binders are gradually replacing traditional cement and are
being applied to mine backfill through various activation methods. According to the
types of solid waste raw materials, backfill binder materials can be divided into cement
and blend cement, metallurgical slag, thermal slag, chemical slag, and tailings slag
binders. Significant breakthroughs have been made in the research and application of
binder materials.
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(2) Concerning the research on new backfill binders, a lot of work has been carried out
from the aspects of reactivity enhancement, reactivity activation, hydration mecha-
nism, harmful ion solidification, energy savings, and carbon reduction. Generally,
slag binders have a better binding effect, especially for ultra-fine tailings. The primary
hydration process is the generation of gel-like and ettringite hydration products. Solid
waste-based backfill binders often have less harmful ion leaching and advantages in
energy savings and carbon emission reduction.

(3) In the industrial application of backfill binders, cement and blend cement are still
the main types. However, blast furnace slag powder materials are rapidly becoming
popular, exhibiting good performance and cost-effectiveness. Steel slag binders
have achieved continuous industrial applications and have more cost advantages.
Hemihydrate phosphogypsum backfill technology has achieved large-scale industrial
utilization, providing a reference demonstration case for the comprehensive disposal
of phosphogypsum.

(4) There are still some urgent problems to be solved in the research and application of
backfill binder materials, including hydration modeling and simulation, properties
prediction, performance regulation in extreme environments, and specific technical
standards, which can build the foundation for promoting green and efficient cemented
paste backfill and sustainable development.
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Abstract: To understand the characteristics of the pollution risk of potentially toxic ele-
ments (PTEs) at a rare and precious metal mining site in Guangxi and to provide scientific
evidence for the comprehensive evaluation and soil remediation of PTE pollution at the
site, the Cd, As, Co, Cu, Cr, Ni, Pb, and Zn contents of five areas were determined. Labora-
tory testing was conducted on five soil plots in the selected five suspected contaminated
areas (electroplating workshop, sewage treatment area, and boiler room). Correlation
analysis, infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) were used to evaluate and analyze PTE pollution. The average contents
of Cd, Co, As, Pb, Zn, and Cu at the site were higher than the background values in the
Guangxi soil. The Probability Mass Function (PMF) model was used to perform a source
apportionment of the PTEs and determine the main pollution sources and their contribution
rates. The results of the single factor pollution of the PTEs showed that Cd, Ar, and Cr were
heavy pollutants, and Co was a light pollutant. The Nemerow comprehensive pollution
index analysis showed that the study area was heavily polluted. The Earth accumulation
index results show that Cd exhibited a very serious accumulation, Cu and Zn exhibited
mild to moderate accumulations, and As and Co exhibited moderate accumulations. The
FTIR results showed that C=0 in the soil was chelated with PTEs in some samples, which
weakened the characteristic peaks of C=O in proteins and polypeptides. The XRD results
showed that cadmium hydroxide, lead oxide, and zinc hydroxide were present in the soil
samples. The XPS results showed that the production of O>~ in the O 1s high-resolution
spectra mainly came from the metal oxides produced by the polluting metals. Meanwhile,
the microbial results showed that the pollution risk of PTEs affected the soil microbial
community structure and diversity to some extent.

Keywords: PTEs; soil pollution; characterization; risk assessment

1. Introduction

Soil is the base of agricultural production [1] and provides a living environment that
promotes the growth and reproduction of plants and microorganisms [2]. Potentially toxic
elements (PTEs) in agricultural soils, particularly cadmium (Cd) and lead (Pb), pose sig-
nificant threats to human health and the environment [3-5]. They originate from various
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human activities. The topsoil near agricultural soils with PTEs acts as a direct sink, promot-
ing the transfer of PTEs into the food chain. Even at ambient levels, PTEs migrate under
acid conditions. Because they cannot be degraded, they may cause secondary pollution
in water bodies and exacerbate ecological damage [6-9]. Under natural conditions, the
transportation of weathered rock mineral products by rivers is the main source of PTEs
in sediments. With societal progress in urban development, agricultural and industrial
activities in lake basins, including urban transportation, fossil fuel combustion, mining,
and metal smelting, and the use of fertilizers and pesticides, soil environmental pollution
has expanded [10].

PTEs in soil solutions tend to accumulate on soil surfaces by adsorption, and some
of them might be bacterially transformed into methyl compounds that are more toxic for
us [11-13]. Studying soil pollution by PTEs and effectively controlling it, minimizing the
pollution caused to the soil by the source, can improve the ecology of a soil and ensure
the health of people. Research on soil PTE pollution mainly involves studying the basic
physical and chemical properties of soil, analyzing the characteristics of PTE content,
particularly different forms and distributions of PTEs in time and space, and combining
different pollution assessment methods (for example, the Nemerow index method, single
pollution index method, ratio of secondary phase and primary phase method, and risk
assessment coding method) to analyze pollution level and ecological risk [14,15]. Several
such studies have been published [14-17].

In the rare and precious metal mining area of Guangxi, there are metallurgical facilities
where indium is extracted from zinc oxide through wet smelting and the resulting zinc
sulfate solution is used to produce lithopone and solid zinc sulfate. The industrial solid
waste produced is sent to the rotary kiln production line to recover valuable metals, and
the resulting product, zinc oxide, is used as a supplementary raw material for the wet
extraction of the indium production line. In this area, there is also a significant presence
of solid waste (abandoned structures, construction waste, and residue waste) that could
act as a secondary source of environmental pollution. In hot spots, such as the rare and
precious metal mining area in Guangxi, where soil pollution levels exceed soil pollution risk
control standards, relevant parties should conduct soil risk assessments for PTEs. These
soil pollution risk assessment reports must aim to provide a reference for human health
risk prevention and scientific basis for their risk control measures and restoration efforts in
accordance with national regulations and requirements.

The difference between this area and others is that previous research has shown that
for plots with soil pollution levels exceeding the soil pollution risk control standards,
relevant parties should conduct soil pollution risk assessments and take corresponding
risk control measures in accordance with national regulations and the requirements of
soil pollution risk assessment reports. The present study considered the soils of a rare
and precious metal site in Guangxi Province as the research object. By measuring the
contents of Cd, As, Cu, Cr, Ni, Pb, and Zn in the soil at the site, the single pollution
and Nemerow indices were calculated. Infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) were used to evaluate the soil pollution
status and potential ecological risks. Correlation analysis was conducted to provide a
reference for soil pollution prevention and risk control at the site. The single factor pollution
method, Nemerow index analysis method, and geoaccumulation index method were
used to evaluate the potential toxic element pollution source characteristics, distribution,
pollutant types, and concentrations of the site’s soils and conduct a risk assessment of soil
pollution. The research results provide a reference for the treatment of contaminated soils
in rare and precious metal mining areas.
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2. Materials and Methods
2.1. Site Characteristics

The study area is a rare and precious metal site in Guangxi (Figure 1). It belongs to a
subtropical monsoon climate with high temperatures (annual average temperature 21.6 °C)
and is rainy and humid throughout the year. The site is generally high in the south and
low in the north. Most surrounding areas contain industrial and residential buildings.
The terrain of the area is relatively flat and there are no drinking water source protection
areas, nature reserves, scenic spots, cultural relics, historic sites, or other environmentally
sensitive objects that require special protection within 1 km of the site. The site primarily
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Figure 1. Overview of the study area. (S1-S5 are five sampling points).

This is a former mining site with metallurgical facilities. Excavation work is stopped,
and the metallurgical production line is not in use. It awaits land restoration. Currently,
the buildings and equipment in the plant area are dismantled, and the products and raw
and auxiliary materials have been cleared and removed. The soil pollution status of the
plots was investigated, and the area will be planned as a protective green space, storage,
and logistics land, which will belong to the first class of land specified in the Standard for
Soil Pollution Risk Management and Control of Construction Land for Soil Environmental
Quality (GB36600-2018) [18].

The main process flow at this site was the extraction of indium from indium-containing
zinc oxide via hydrometallurgy. The zinc sulfate solution produced was simultaneously
used to produce lithopones and solid zinc sulfate. The industrial solid waste and metal
waste produced in the process of hydrometallurgical indium extraction and lithopone
production enter a rotary kiln production line to recover valuable metals, and the product,
zinc oxide, was used as a supplementary raw material for hydrometallurgical indium
extraction production. The production facilities in the plant area included a steam supply
section, leaching slag yard, zinc barium white section, and steelmaking section.
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2.2. Sample Collection and Processing

Based on preliminary and detailed investigations, monitoring points were planned to
be set up in areas within the site that may be heavily polluted. Due to the use of a large
amount of strong acidic materials in the production process, the tanks, valves, and other
items of machinery are severely corroded, and the conveying pipelines and anti-corrosion
lining are aging. Owing to leakage and seepage during the original production process,
pollutants may have spread throughout the site, posing a significant threat to the safety
of the soil, the groundwater, and the surrounding natural water environment. Due to
years of outdated production activities, the soil at the site is polluted to varying degrees.
The commonly used point sampling method is the five-point sampling method. First, the
midpoint of the diagonal (in a square or rectangular sampling area, the diagonal refers to
the straight line connecting the two diagonal vertices of the sampling area) was determined
as the center sampling point, and then four points on the diagonal equidistant from the
center sampling point were selected as sampling points. For S1-5S5, we followed the five-
point sampling method, where two samples of the same sample at each point are analyzed
synchronously under identical conditions using the three-point sampling method. The
soils at the rare and precious metal site were sampled from five plots, each with an area of
300 m?, representing soils with different concentrations of PTEs.

We conducted sampling in the survey area using the five-point sampling method
in May 2024. And three replicate samples were measured at each sampling point. The
points in the production area, sewage treatment area, slag yard, storage area, and rotary
kiln exhaust outlet of the factory were labeled S1-S5. A five-point sampling method was
adopted for the soil sample collection from the quadrats, and three parallel samples were
selected from each quadrat. The soil samples were placed in polyethylene bags, and debris
(rocks, leaves, garbage, etc.) was removed, followed by air drying, grinding, and sieving
through a 160 mesh. The total amount of PTEs in the soil was extracted using nitric acid,
hydrochloric acid, hydrofluoric acid, and a microwave digestion system. The soil samples
(0.2 g) were weighed and sieved into a digestion tube. Five regions with relatively high
concentrations of PTEs were selected for characterization. Microwave digestion was carried
out according to a “6 nitric acid, 6 hydrochloric acid, 3 hydrofluoric acid” acid mixture.
A total of 2 mL of nitric acid and 1 mL of hydrofluoric acid were added to the digested
samples and placed on an electric heating plate to reduce the acid volume to about 1-2 mL,
and the mixture was then cooled to room temperature, made to a fixed volume in a 25 mL
colorimetric tube, and filtered with a 0.45 um water system filter membrane. Three blank
samples and three soil reference materials (gss-8) were run through the same process with
each sample digestion batch. An inductively coupled plasma mass spectrometer (Perkin
Elmer, icp8000, Waltham, MA, USA) was used to detect the Cd, Co, As, Pb, Zn, and Cu in
the digested samples. The recovery rate of the certified reference materials was 91-97%,
and the test method was accurate and reliable. The functional groups of the samples were
analyzed using a Fourier-transform infrared spectrometer (Bruker, ten-sor27, Billerica,
MA, USA). The test conditions were as follows: scanning range was 400~4000 cm !, the
scanning time was 16° min~!, and the resolution was 4 cm~1. An XRD diffractometer
(Malvern Panalytical, X'Pert?, Almelo, The Netherlands) was used to scan the crystal
structure of the samples. The scanning angle was 2 6 = 10°~90°, and the scanning speed
was 5 (°) min~!. The obtained XRD spectra were analyzed using Jade software 9.0. X-ray
photoelectron spectroscopy (Thermo Fisher, escalab 250xi, Waltham, MA, USA) was used
to analyze the elemental composition of the material surface, and the tested elements were
charge-corrected with C 1s = 284.8 EV binding energy. The pH of the soil samples was
determined using a 2.5:1 water—soil ratio (V:m) extraction potentiometric method.
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2.3. Impact Assessment Method of PTE Pollution in Soil

In this study, the single pollution, Nemerow, geoaccumulation, and potential ecological
risk indices were used to evaluate PTE pollution at the site. The background values of the
Cd, As, Cr, Ni, Pb, Zn, and Cu in Guangxi were 0.267 mg/kg, 20.80 mg/kg, 82.10 mg/kg,
26.60 mg/kg, 24.00 mg/kg, 75.60 mg/kg, and 27.80 mg/kg, respectively [19].

2.3.1. Single Pollution Index Method

The single pollution index method evaluates the worst-performing indicator by com-
paring the measured data of each factor against the project’s environmental quality stan-
dards, thereby determining their pollution category [20,21]. The single pollution index
method can strengthen the objectivity of index weight determination. The single factor in-
dex method was used for the evaluation. The pollution index was calculated by comparing
the measured values of the soil samples with their threshold limits. This study used the
screening values from the GB36600-2018 standard. Since this standard does not specify a
limit value for zinc, the soil pollution risk screening guideline value for construction land
(500 mg/kg) was adopted as its reference to assess its contamination level.

The formula used was the following:

Ci
P = 5 @
where P; is the pollution index of each ith PTE pollutant, C; is the concentration of each ith
PTE pollutant, and S; represents the evaluation criterion for the ith PTE pollutant.

2.3.2. Nemerow Index Method

The Nemerow index, which is a weighted multi-factor environmental quality index
that considers both extreme values and prominent maximum values [22-24], highlights
the evaluation factors with serious pollution. The classifications of the index are shown in
Table 1.

Table 1. Classification of single factor pollution index and Nemerow comprehensive pollution index.

Nemerow Comprehensive

Single Factor Pollution Index Level Pollution Index Level

P; <1 Class I, without pollution Peomprenensive < 0.7 Class I, no pollution
P e(1,2] Class II, slight pollution Pcomprenensive € (0.7, 1.0] Class II, slight pollution
P e (2,3] Class III, mild pollution Pcomprehensive € (1.0, 2.0] Class III, mild pollution
P; € (3,5] Class IV, moderate pollution Peomprenensive € (2.0, 3.0] Class IV, moderate pollution

P;>5 Class V, severe pollution Peomprenensive > 3-0 Class V, severe pollution

The formula used was the following:
P? + P2
PComprehensive = % (2)

where Pcomprenensive T€presents the comprehensive pollution index of PTEs at the sampling
point and Py,4y represents the maximum value of the single factor pollution index of each
PTE pollutant at the sampling point.

2.3.3. Index of Geoaccumulation (Igeo) Method

The index of geoaccumulation (Igeo) method [25,26] for heavy metals is primarily used
to study changes in the background value of PTE pollution caused by natural processes
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and the comprehensive impact of human activities on soil PTE pollution. The formula used
was the following:

o () o
where I, represents the pollution index of geoaccumulation for PTEs, C; represents the
measured concentration of PTEs, B; represents the background value of the PTEs used in
this study (the soil background value of Guangxi Province was used in this study), and
L is a constant. This is a coefficient that considers possible changes in background values
caused by differences in rocks in different regions, and the value of L was 1.5 in this study.
Classification of the index of geoaccumulation was shown in Table 2.

Table 2. Classification of the index of geoaccumulation (Igeo).

Igeo Igeo <0 0<Igo<l 1<Igp<2 2<Igo<3 3<Igo<4 4<Igo<5 5<Ige<10
Strong to
. Mild to Medium to Extremel
Without Moderate Strong extremely y
Level . moderate . strong . severe

accumulation . accumulation . accumulation severe .

accumulation accumulation . accumulation
accumulation

2.3.4. PMF Model Construction

The PMF model was used to apportion sources to the PTE data and determine the main
pollution sources. The PMF model is a method first proposed by Paatero et al. in 1994 [27]
and uses the weight coefficients of variables to determine the error of pollution components.
It iteratively calculates the main pollution sources and their rates of contribution using the
least-squares method. Owing to its advantages, including not requiring detailed source
component spectra, being able to decompose factor loadings, and utilizing data uncertainty
for optimization, the PMF model is widely used in apportioning heavy metal sources in
soils. The basic principle of the PMF model is to decompose the original matrix X (n x m)
into a factor contribution matrix G (n x p), factor composition matrix F (p x m), and residual
matrix E (n X m).

When the concentration of the chemical components was less than or equal to the
corresponding method detection limit (MDL), the uncertainty (U) was calculated using
Equation (4):

Uye =5/6 x MDL 4)

When the concentration of the chemical components exceeded the corresponding
MDL, U was calculated according to Equation (5):

Upe = \/(Conc x EF)? + (0.05 x MDL)? (@)

where Uy, represents the uncertainty of the analyzed components (mg/kg); MDL represents
the detection limit of the components (mg/kg); Co,c represents the mass concentration
of the components (mg/kg); and EF (error fraction) represents the error coefficient of
each component.

The indicator judgments Q (robust) and Q (true) were both 2.63102, with an error
of less than 10%, and the model was interpretable. The BS inspection rate exceeded 80%;
therefore, the results were usable. (Weak represents the component with high measurement
uncertainty in Table 3).
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Table 3. Parameter settings for PMF model construction.

Species Category
Co Weak
Cu Weak
/n Weak
Pb Weak
Ni Weak
Cr Weak
As Weak
Cd Weak
Number of base runs: 20
Base user-selected seed: 48
Number of factors: 3
Extra modeling uncertainty (%): 20
Factor 1 Factor 2 Factor 3 Unmapped
Boot Factor 1 200 0 0 0
Boot Factor 2 1 199 0 0
Boot Factor 3 8 14 178 0

2.3.5. Extraction and High-Throughput Sequencing of Microbial DNA

The soil samples were pretreated, and the DNA was extracted using a DNA Extrac-
tion Kit (E.Z.ATMmag-bindsoildnakit, Omega Bio-tek, Norcross, GA, USA). The target
gene of the V3-V4 region was amplified by the 16S rRNA universal primers 341F (5'-
CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3'). Illu-
mina bridge PCR-compatible primers were used for the second round of amplification. The
original data were spliced from MiSeq sequencing to distinguish the samples. Subsequently,
the quality of the sequence was controlled and filtered, and the operational taxonomic unit
(OTU) was used for the clustering and taxonomic analyses of species.

2.3.6. Data Analysis and Processing

Excel 2016 was used to statistically analyze the content of PTEs in the soil, and SPSS 26
and R studio 4.3.0 were used to analyze the correlation between the PTEs in the soil.

3. Results
3.1. PTE Content in Soil Samples

The basic physical and chemical properties of the soil samples from the five sites
were determined. The soil type in this area belongs to the following solid waste pollution
type: soil pollution caused by the stacking or disposal of industrial and mining waste,
sludge, and urban garbage on the surface. The pH of the samples was between 6.81
and 7.33. The pH values of the five points S1-55 were 6.81, 7.10, 6.89, 7.21, and 7.33,
respectively. The PTE contents varied significantly. The average contents of Cd, Co, As,
Pb, Zn, and Cu were higher than the background values for the soil in Guangxi (Table 4).
The coefficient of variation (CV) was used to characterize the spatial dispersion of the
soil samples. Compared to the screening value of the standard for the control of the soil
pollution risk of construction land for soil environmental quality (GB36600-2018), the
sample points exceeding the standard values of Cd, Co, As, Cr, and Pb were 80%, 60%, 60%,
40%, and 20%, respectively. The CVs of Cd, Co, As, Cr, Ni, Pb, Zn, and Cu were 7-142%, of
which the coefficients of variation of Cd, As, Pb, and Cu were all greater than 1, namely
1.03, 1.42, 1.04, and 1.24, respectively, indicating that the elemental contents of the different
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samples in this study were quite different, with a high degree of dispersion, and were
greatly affected by external factors. No points exceeded the standards for soil Ni, Zn, and
Cu, that is, the content was lower than the standard for controlling the soil pollution risks
of construction land, and the average content of Cd, Co, and As in the soil exceeded the
screening value. Compared to the background values of the soil in Guangxi, the average
contents of Cd, Co, As, Pb, Zn, and Cu were higher. From these results, the scope and
degree to which the standard was exceeded were relatively large, which may be due to
the fact that raw materials, including metal waste residue and other raw and auxiliary
materials, entered the ground during production, processing, storage, transportation, and
pollution treatment due to rainwater scouring and leakage through surface cracks, resulting
in a degree of pollution in the soil.

Table 4. Characteristics of PTE content at the site.

Standard Screening

Minimum Maximum Average N Coefficient Background
PTE (mg/kg) (mg/kg) (mg/kg) Deviation of Variation Value Concentration
(mg/kg) (mg/kg)
Cd 5.6 432.7 143.1 147.9 1.03 20.0 0.27
Co 12.4 93.3 47.6 31.6 0.66 20.0 10.40
As 215 425.2 110.2 157.2 1.42 20.0 20.50
Cr 80.6 92.5 82.8 6.5 0.07 90.0 82.10
Ni 32.5 38.6 30.3 44 0.14 150.0 26.60
Pb 5.1 728.8 264.3 274.2 1.04 400.0 24.00
Zn 130.9 318.6 187.9 72.6 0.39 500.0 75.60
Cu 32.5 286.9 83.5 104.0 1.24 2000.0 27.80
3.2. Assessment of PTE Pollution in Soil
3.2.1. Single Factor and Nemerow Index Methods
The pollution intensities of the PTEs ranged from strong to weak as follows: Cd (7.154)
> As (5.312) > Co (2.378) > Pb (0.660) > Cr (0.625) > Zn (0.375) > Ni (0.166) > Cu (0.038). Ni,
Pb, Zn, and Cu belonged to the non-pollution level (Table 5). The average content of Cd
ranged from 0.279 to 20.284 mg/kg, which was much higher than the background value of
the soil. As was between 0.0735 and 21.260 mg/kg, which is classified as severe pollution,
while Co was between 0.618 and 4.484 mg/kg, which is classified as mild pollution, but its
average content was more than two times higher than the background value of the soil.
Table 5. Single factor and comprehensive pollution index table of PTEs.
Single Factor Average Value of . .
PTE Pollugtion Index Singgle Factor Pollution Index gompfehenswe Pollution
Range Pollution Index ollution Index Level
Cd 0.279~21.635 7.154 Severe pollution
Co 0.618~4.484 2.378 Slightly pollution
As 0.074~21.261 5.312 Severe pollution
Cr 0.228~0.805 0.625 Without pollution .
. . A 10.42 Severe pollution
Ni 0.083~0.257 0.166 Without pollution
Pb 0.013~1.820 0.660 Without pollution
Zn 0.261~0.637 0.375 Without pollution
Cu 0.001~0.143 0.038 Without pollution

3.2.2. Index of Geoaccumulation (Igeo)

The average accumulation of PTEs in the soil of the five sites was Cd (8.481) > Pb
(2.876) >As (1.789) > Co (1.608) > Cu (0.895) > Zn (0.729) > Ni (—0.675) > Cr (—1.526)
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(Table 6). Among these, the average value of the index of geoaccumulation of Cu and
Zn was 0 < Igeo < 1, reflecting mild to moderate accumulation, and the average value
of the index of geoaccumulation of Ni and Cr was less than 0, indicating an absence
of accumulation.

Table 6. Site’s soil PTE indices of geoaccumulation (Igeo).

PTE Index of Geoaccumulation Pollution Level

Cu 0.895 Mild to moderate accumulation
/n 0.729 Mild to moderate accumulation
Pb 2.876 Medium to strong accumulation
Ni —0.675 Without accumulation

Cr —1.526 Without accumulation

As 1.789 Moderate accumulation

Co 1.608 Moderate accumulation

Cd 8.481 Extremely severe accumulation

Sample points with extremely serious cumulative pollution levels of Cd and moderate
to strong cumulative pollution levels of Pb in the soil were distributed in the replacement
section, slag yard area, and extraction and reverse extraction workshop. Pollution sources
were mainly related to the migration and transformation of geological background elements
caused by high background values of Cd and Pb in the soil, as well as the artificial trans-
portation of metal waste and other raw and auxiliary materials. This result is consistent
with the conclusion of previous studies that the main pollutants in the soil near smelting
activities are As, Cd, and Pb [28,29].

3.3. Correlation Analysis and Source Apportionment of PTEs in Soil

SPSS 26 correlation analysis of the PTEs in the soil of sites showed that a p value < 0.01
signified an extremely significant correlation, 0.01 < p < 0.05 was a significant correlation,
and p > 0.05 was not a correlation. Table 7 shows the correlation results of the PTEs in the
soil at the five sites. Pb exhibited a very significant correlation with Ni, As, Co, and Cd,
and a significant correlation with Cr. Ni exhibited a close relationship with Cr, As, Co, and
Cd, showing a significant correlation. The main source of Ni in the soil was its geological
form, and the pollution of Pb, As, and Co also reflected an anthropogenic impact caused by
the construction waste and waste residue generated by the artificial metal waste residue
and other raw and auxiliary materials in the production and leaching process areas. The
pollution of soil Cd may have been caused by the discharge of industrial “three wastes”
and the migration of toxic and harmful substances into the soil caused by a large number
of metal warehouses. These correlations are consistent with the pollution of the soil at the
site (see Figure 2).

Table 7. Correlation table of PTEs in soil.

Pearson Cu Zn Pb Ni Cr As Co Cd
Cu 1.000
/n —0.322 1.000
Pb 0.776 0.347 1.000
Ni 0.776 0.347 1.00 ** 1.000
Cr 0.405 0.726 0.884 * 0.884 * 1.000
As 0.681 0.473 0.990 ** 0.990 * 0.942 * 1.000
Co 0.643 0.516 0.981 ** 0.981 * 0.959 * 0.999 ** 1.000
Cd 0.587 0.574 0.964 ** 0.964 * 0.977 ** 0.992 ** 0.997 ** 1.000

Note: ** indicates extremely significant correlation (p < 0.01), * indicates significant correlation (0.01 < p < 0.05),
and p > 0.05 indicates no correlation.
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Figure 2. Correlation diagram of PTEs in soil.

To further analyze the pollution sources of the PTEs, a principal component analysis
of eight types of PTEs was carried out. Three principal components were extracted, and
the characteristic root values exceeded unity. Principal component 1 contributed 39.86%,
principal component 2 contributed 29.15%, and principal component 3 contributed 22.23%,
and their cumulative contribution was 91.24% of the total variation. The results of the
principal components of the PTEs in the soil are shown in Table 8. As shown in Table 8
and Figure 3, the loads of Cu, Ni, and Pb in principal component 1 were relatively high.
According to the distribution of pollution characteristics, these four PTEs were distributed
near production and leaching process sites, replacement sections, and slag yard areas,
and thus may be caused by the presence of solid wastes such as abandoned structures,
construction waste, and slag in the plot and smoke, wastewater, and slag generated in the
process of the preparation of raw materials and smelting, as well as by emissions, dripping,
and leakage in the production process. The average content of the Cd, Co, and Cu PTEs
exceeded the soil background value in Guangxi, and the range of their CVs was 0.66-1.24,
indicating that these elements may be affected by human activities and that their non-
uniformity may also be caused by hydrothermal and invasive directional processes. Their
morphological changes were caused by changes in the solubility of each mineral. Although
Co showed a relatively high loading in principal component 2, its depth concentration
remained below the standard threshold, which may be due to the additional sources of Co
possibly due to the inclusion of some production waste residue in the backfill or the soil
outside the site that entered the plot to cause pollution.

Table 8. Soil PTE principal component analysis.

PTE Component 1 Component 2 Component 3
Zn —0.402 0.124 —0.860

Pb —0.841 —0.005 0.464

Cr —0.245 0.360 0.842

Co 0.632 0.739 0.181

Cd 0.570 —0.811 0.103

Cu 0.767 0.400 —0.081

Ni 0.899 0.172 0.054

As 0.374 —0.890 0.249
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Figure 3. Soil PTE principal component analysis rotation space component diagram.

3.4. Source Apportionment of Potential Toxic Elements in PMF Model

The PMF model was used to identify and distinguish the potential sources of toxic
elements in the soil. Table 3 lists the optimal number of factors. In this study, the number
of input factors was set to three, and the indicator judgments Q (Robust) and Q (True) were
both 2.63102, with an error of less than 10%. This model was interpretable, and the BS
inspection rate exceeded 80%; therefore, the results are usable. Factor contribution rate of
PMEF source resolution was shown in Figure 4.

Co  Source contributions(%)

_ 1:5_120 (I Factor 3 Factor 21 Factor 1
100
Cu — 40-50
== 50-70
Zn == >=70 Factor 3

33.6%

Pollution source

— Factor 1
— Factor 2
Ni  — Factor3

pearson't

ONEEo O]«

23.6%

Figure 4. Factor contribution rate of PMF source resolution.

The contribution of Pb to factor 1 was as high as 99.9%, followed by Cr with a
contribution of 47.3% and Zn with a contribution of 40.9%. The correlation between Pb
and Cr was positive and equaled 0.884, whereas the contributions of Cr and Zn were
negative and equaled 0.726. The high contribution of Pb reflects the presence of different
forms of Pb at this site. Pb mainly comes from the combustion of fossil fuels, and due to
human activities (such as the use of refined zinc ore to produce zinc oxide) and the input of
agricultural chemicals, Pb accumulates in the soil. The study area has a history of using
coal as a fuel during winter. Because of the stable air in winter, a temperature gradient is
formed and the cold air at the bottom cannot rise to carry away pollutants, leading to their

accumulation in the lower atmosphere and subsequent deposition onto the soil surface.

The complex correlation of Pb-Cr-Zn reveals that this precious metal site is affected by
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numerous pollutants derived from traffic dust and metal-processing waste, whereas the
negative correlation of Cr-Zn suggests the possibility of cross-contamination from different
processes. Factor 1 was defined as a combination of transportation and industrial sources.

The contribution of Co to factor 2 was 78.6%, while the contributions of Cu, Ni, Zn,
and Cr were 67.9%, 56.4%, 41.6%, and 38.6%, respectively. The correlations between Co and
Cu and Co and Ni were positive, equaling 0.7 and 0.76, respectively. Consistent with the
characteristics of nonferrous metal smelting sources, the Co-Ni—Cu combination is typical
of the alloy manufacturing and electronics industries. This may have originated from the
dismantling of waste electronic products, metal melting, and the process of industrial solid
waste produced during the wet process of indium extraction and lithopone production
entering the rotary kiln production line to recover valuable metals. Therefore, factor 2
reflects the influence of metal smelting and electronics manufacturing.

Factor 3 showed absolute dominance and a strong positive correlation (0.96) between
As (100%) and Cd (72%), indicating agricultural non-point source pollution. The high
coupling of As-Cd is consistent with the long-term application of arsenic-containing pes-
ticides and phosphorus fertilizers. There was a certain amount of farmland around the
plot, and because of the legacy of heavy metal raw materials, especially the arsenic and
cadmium elements associated with phosphorus fertilizers, they accumulated in the surface
soil through agricultural cultivation. Thus, factor 3 also reflects agricultural sources. The
mixed sources of transportation and industry contributed 42.8%, indicating that emissions
from transportation and various industrial production processes around precious metal
companies are important factors leading to the heavy metal pollution of soils. The metal
smelting and electronics manufacturing industries accounted for 23.6%. Owing to the char-
acteristics of their precious metal companies’ wet zinc-smelting production processes, these
two industries often generate large amounts of heavy metal waste and harmful substances.
Waste easily infiltrates the surrounding environment and becomes an important source
of heavy metal pollution in the soil. Agricultural activities account for 33.6% of the total.
Pesticides and fertilizers used in agricultural production, as well as manure produced from
livestock and poultry farming, may contain heavy metals. The long-term and extensive use
of these chemicals leads to their gradual accumulation in soil.

3.5. Characterization of Soil
3.5.1. FTIR Analysis

Figure 5 shows the infrared spectra of the soil at five different sampling sites. In the
infrared spectra of these samples, there are characteristic peaks with a wavenumber of
3624 cm ™!, which are mainly caused by the stretching vibration of N-H in the amino acids
and nucleic acids in the soil. The wide peak at a wave number of 3415 cm ™! belongs to the
associated hydroxyl -OH stretching vibration peak in carbohydrates, hemicellulose, and
carbohydrates. At 2987 cm ! and 2874 cm ™!, the S3 sample shows the antisymmetric and
symmetric stretching vibration peaks of methylene and methyl C-H in lipids, respectively.
The 2510 cm ™! peak corresponds to the C=N stretching vibration peak in unsaturated
lipids. Meanwhile, the S1 and S3 samples show an obvious narrow peak at 1799 cm™!,
which corresponds to the C=O stretching vibration peaks of proteins, amino acids, and
polypeptides. S2, 54, and S5 do not show the C=O characteristic peaks of protein and
polypeptide substances near 1799 cm~!, which may be due to the C=0 in the soil chelating
with PTEs, leading to the disappearance of this peak. Samples S1-S5 exhibit different-
intensity peaks at 1632 cm~! and 1432 cm ™!, which correspond to the C=0 stretching
vibration peak of the amide I band and the CO;32~ characteristic peak of carbonate in the
soil, respectively. The intensity of the peak at 1432 cm ™! is weak, which further indicates
that the PTEs in the soil samples have a greater impact on the total carbohydrates in the
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soil. In the S3 sample, the C=0 stretching vibration peak of the amide I band at 1632 cm !
disappears, indicating that other PTE ions were combined with the C=O stretching vibration
peak, resulting in a weakening of the peak’s intensity. The peaks of the five samples at
1022 cm~! are C-O stretching vibration peaks. In samples S1 and S3, the peak at 877 cm ™!
is the characteristic peak of CrO4?~, indicating that the pollution of Cr in S1 and S3 is more
serious than that in other samples. The characteristic peak of ZrO4?~ appears near 799 cm !
in S1-S5. Zr is widely distributed in nature. Zirconia (ZrO;) is a naturally occurring raw
material. Among the five soil samples, the characteristic peak intensity of ZrO4>~ is the
weakest. The characteristic peak of ZnO also appears at 467 cm ™!, indicating that there

was a certain amount of ZnO pollution in the five soil samples.

S1 S2 S3 S4 S5

Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR diagram of soil at five sample sites.

3.5.2. XPS Analysis

To further analyze the changes in the valence states and bond energies of the elements
in the PTE-contaminated areas of the site, high-resolution XPS was applied to the samples
taken from five different locations. The five groups of samples contained O, N, C, and other
elements, and the positions of the diffraction peaks were consistent, indicating that the
elements in each area were consistent and no additional new substances were generated
(Figure 6). Figure 6b shows the high-resolution C 1s spectrum. The diffraction peaks at
283.84 eV, 284.80 eV, 286.23 eV, and 288.37 eV are attributed to metal carbides, C-C, C=0,
and the CO32~ radical, respectively. It is speculated that the generation of metal carbides
may have been caused by Pb and Cd pollution, and the binding energy at different positions
did not shift, indicating that the chemical state of each area was consistent. Figure 6¢c shows
the high-resolution spectrum of N 1s. The peaks at 398.75 eV, 399.76 eV, and 401.49 eV
come from C-N=C, N-(C)3, and C-N-H, respectively. The binding energy and peak value
at different positions show little change, consistent with element C. Figure 6d shows the
high-resolution O 1s spectrum. The peaks at 530.6 eV, 531.56 eV, and 532.46 eV are mainly
attributed to O?~, -OH, and C=0, and it is speculated that the generation of O~ is mainly
from the metal oxides produced by the polluted metal elements.
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Figure 6. pXPS diagram of soil at five sample sites. (a) XPS full spectrum of five samples; (b) high-
resolution spectrogram of C 1s; (c) high-resolution spectrogram of N 1s; (d) high-resolution spectro-
gram of O 1s.

3.5.3. XRD Analysis

The XRD patterns of the PTE-contaminated areas at the analysis site are shown in
Figure 7. Within the diffraction ranges of the five samples, the distributions of the XRD
characteristic peaks are relatively similar. The crystal peaks at the diffraction angles (20) of
about 12.5°, 21°, and 45° are mostly consistent with the crystal plane spacing, crystal peak
diffraction angle, and diffraction intensity of the Powder Diffraction File (PDF) standard
card (PDF#01-079-6476). The phase indicated by the PDF standard card is kaolinite, and the
corresponding crystal plane indices are (001), (-1-11), and (-203). The XRD pattern indicates
kaolinite. Similarly, the weak diffraction peaks at the diffraction angle (26) of approximately
13.5° and 27.5° correspond to the phase potassium feldspar (PDF#01-073-9850), and the
corresponding crystal plane index is (001) and (002). A small amount of quartz (PDF#01-
086-2237) can be seen from the crystal peaks, with (100), (101), and (110) corresponding to
the diffraction angles (20) of approximately 21°, 26.5°, and 36.5°. At the diffraction angles
(26) of approximately 29°, 47.5°, and 48°, there were weak diffraction peaks. The crystal
plane spacing, the crystal peak diffraction angle and diffraction intensity were consistent
with those of calcite (PDF#01-072-4582), and the corresponding crystal plane indices were
(104), (018), and (150). The crystal peaks at the diffraction angle (20) of approximately
19° and 35° are similar with the PDF standard card (PDF#01-073-0969) database in terms
of crystal plane spacing, crystal peak diffraction angle, and diffraction intensity. It was
determined that the XRD pattern contained cadmium hydroxide with corresponding crystal
plane indices of (001) and (011), and the diffraction peak intensity was clearly apparent in
samples S2, 53, and S5. At the same time, weak diffraction peaks appeared at the diffraction
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angles (20) of approximately 26°, 32°, 50°, 38°, and 51°, respectively. The corresponding
substances were lead dioxide (PDF#04-002-2595), with (110), (101), and (211) facet indices,
and zinc hydroxide (PDF#04-015-2996), with (011) and (102) facet indices, which appeared
in the five samples. XRD pattern analysis showed that the soil in the PTE-contaminated
area of the site contained quartz, kaolinite, muscovite, plagioclase, potassium feldspar,
calcite, and other major components. In addition, cadmium hydroxide, lead oxide, and zinc
hydroxide were found in the soil samples, indicating that the five sample sites contained
multiple PTEs, including cadmium, lead, and zinc.

1 Quartz-SiO,
2 Albite-NaAlSi;Oq
3 Muscovite-KAl;Si;0,,(OH),
4 Calcite-CaCO;,
5 Microcline-KAISi;Og
—_ 6 Kaolinite-Al,(Si,0)(OH),
E 7 Zine Hydroxide-Zn(OH),
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g 1 9 Cadmium Hydroxide-Cd(OH),
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Figure 7. XRD diagram of soil at five sample sites.

3.6. Microbial Community Analysis
3.6.1. OTU Cluster Analysis

Significant differences were observed in microbial community structure. At the 97%
nucleic acid similarity level, the five groups of samples obtained 701, 929, 951, 838, and
969 OTUs (Figure 8). The total number of OTUs in the five groups of samples was 303.
The ranking of the OTU numbers is as follows: point 5 > point 3 > point 2 > point 4 >
point 1. Among them, the point 5 sample contained the most OTUs, whereas points 4 and 1
contained the least. From the total number of OTUs in the samples at the four sites, the
total number of OTUs at points 1234, 1235, 2345, 1245, and 2458 were 316, 347, 447, and 334,
respectively, indicating that the microbial species at the four sites were the most similar.

S1

148

S5
S2 34

145

S3 S4

Figure 8. OTU clustering Venn diagram.
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3.6.2. Diversity Index Analysis

The Shannon index of microorganisms is an index used to measure population
diversity, which evaluates the diversity of microbial communities through specific
calculation formulas. The Chao index is an index used to estimate the number of OTUs
contained in a sample using the Chaol algorithm. Chaol is commonly used in ecology
to estimate the total number of species. Abundance-based Coverage Estimator (ACE):
The ACE index is an index used to estimate the number of operational taxonomic units
(OTUs) present in a community and is one of the commonly used indices in ecology for
estimating the total number of species. The ACE index is similar to the Chaol index, both
based on abundance coverage estimation methods, but their algorithms are different.
The ACE index takes into account the influence of low-abundance groups. The Simpson
index was proposed by Edward Hugh Simpson in 1949 and is commonly used in ecology
to quantitatively describe the biodiversity of a region. The Shannon index is an indicator
used to evaluate the evenness of species distribution in ecosystems. It is commonly used
in conjunction with the Shannon-Wiener diversity index to comprehensively describe
the biodiversity of an ecosystem [30]. Coverage refers to the microbial coverage rate,
and the higher its value, the lower the probability of new species not being detected in
the sample. The index actually reflects whether the sequencing results represent the true
situation of the sample.

The alpha diversity index was calculated at a 97% similarity level, and results
are summarized in Table 9. The Chaol and Shannon indices reflect the richness and
diversity of the microbial community. The larger the value, the higher the richness
and diversity of the microbial community. The Simpson index reflects the uniformity
of the microbial community. The smaller the value, the more uniform the community
distribution. The Chaol and Shannon indices of samples S1 and S5 were relatively large
(Table 9), indicating that the richness and diversity of the microbial communities were
high at these points, whereas the Simpson index of sample S1 was the lowest. No plant
or leaching residue sites were established at site S1. The degree of PTE pollution was
low, and the microbial community uniformity of the sample at this point was higher
than that of the other samples with a high degree of pollution. The intake of PTE
pollutants reduced soil microbial richness, resulting in low diversity and an uneven
community distribution.

Table 9. APLHA diversity index.

Sample Number Chaol Shannon ACE Simpson Shannoneven Coverage
1 746.69 4.26 750.33 0.05 0.65 1.00
2 998.07 4.62 986.71 0.03 0.78 1.00
3 965.35 4.81 965.30 0.03 0.70 1.00
4 872.17 4.66 861.87 0.03 0.69 1.00
5 1094.20 472 1088.85 0.04 0.69 1.00

3.6.3. Microbial Community Structure at the Phylum Level in the Samples Collected at
Different Sites

The sequencing results were annotated to obtain information on the different se-
quences at different classification levels (phylum, class, order, family, and genus). Based on
the annotation results, the taxon results for phyla and genera were selected for statistical
analysis. The relative abundances of the dominant bacterial phyla in the soil samples
from each sampling point were analyzed. Actinobacteria and Proteobacteria had the high-
est bacterial content at the phylum level, followed by Firmicutes, Bacteroidetes, Chloroflexi,
Acidobacteria, and Cyanobacteria_chloroplast (Figure 9). These seven phyla accounted for
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more than 80% of the average total bacterial count. Actinobacteria had the highest rela-
tive abundance, indicating its strong adaptability to PTE-contaminated soil environments
(Figure 8). Proteobacteria also showed an abundance advantage in the five samples. In the
S1-S5 samples, the 54 samples were significantly different from the other samples at the
phylum level, and the microbial compositions of the other samples were slightly different
from each other. Compared with the S1 sample without plant or leaching residue sites and
with low pollution, the relative abundances of Actinobacteria and Proteobacteria in S2, with
a high PTE content, increased by 4.72% and 4.25%, respectively. The relative abundance
of Firmicutes decreased by 7.65% due to an increase in the concentration of PTEs. The
results showed that Actinobacteria and Proteobacteria increased and Firmicutes decreased in
PTE-contaminated soil.
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Figure 9. Microbial community structure at the phylum level in the samples collected at different sites.

3.6.4. Microbial Community Structure at the Genus Level in the Samples Collected at
Different Sites

The relative abundances of the top 40 dominant bacterial species in the samples were ana-
lyzed. Nocardioides, Janibacter, Dietzia, Micromonospora, Saccharopolypora, and Pseudoarthrobacter
were the dominant species (Figure 10). The abundances of these five groups of bacteria
in the five samples (S1-S5) were 47.16%, 42.36%, 35.6%, 47.27%, and 36.37%, respectively.
Pan et al. found that Nocardioides had a strong tolerance to one or more PTEs and could
be used as a biological indicator of PTE pollution [31]. From S1 to S5, the proportions of
Nocardioides were 17.15, 8.26, 10.49, 14.55, and 8.01%, respectively. The results showed
that actinomycetes may be enriched in soils with a high PTE content. With an increase
in metal content, the abundance of Janibacter groups also increased, similar to the results
of the present study [32]. The content of Janibacter in the S1 sample without plant or
leaching residue sites and with low pollution was 1.6%, and that in 52-S5 was 8.29%,
10.19%, 5.46%, and 16.60%, respectively. As the dominant species, Dietzia, Micromonospora,
Saccharopolypora, and Pseudoarthrobacter all had the effect of removing high concentrations
of PTEs [33-35].
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Figure 10. Microbial community structure at the genus level in the samples collected at different sites.

4. Conclusions

)

)

®)

4)

The average contents of Cd, Co, As, Pb, Zn, and Cu in the soil at the site were higher
than the background levels in the soils of Guangxi Province. The CV of Cd, As, Pb,
and Cu exceeded 1, with a high degree of dispersion, which was greatly affected by
external factors.

The single factor pollution index showed that Cd and As were heavily polluting, Co
was slightly polluting, and the other PTEs were non-polluting. The geoaccumulation
index showed that Cd was highly accumulated; Pb, As, and Co were moderately
accumulated; Cu and Zn were mildly accumulated; and Ni and Cr were not accumu-
lated. The load of Co in principal component 2 was relatively high, and there was
a correlation with most other PTEs, which may be due to pollution caused by the
inclusion of some of the production waste residue and exogenous soil in backfill of
the site.

The results of infrared spectroscopy showed that C=0 in the soil was chelated with
PTEs, leading to the disappearance of C=0’s characteristic peaks in protein and
polypeptide substances. The PTEs in the soil samples exerted greater damage to the
total carbohydrates in the soil, and there was a variable amount of PTE pollution. XPS
analysis showed that metal carbides appeared in the high-resolution C 1s spectrum,
O?~ appeared in the high-resolution O 1s spectrum, mainly from the metal oxides
produced by the PTEs, and the soil was polluted with Pb, Zn, and Cd to a certain
extent. The XRD results showed that cadmium hydroxide, lead oxide, and zinc
hydroxide were present in all five sampling sites (51-S5), indicating that the five
samples were contaminated by PTEs such as cadmium, lead, and zinc.

The risks of Cd, Zn, Cu, and Pb in the soil of the study area were high, mainly due to
the joint effects of human activities and natural conditions. Measures should be taken
to improve the quality of soil and the surrounding environment and reduce pollution
by PTEs.
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(5) Actinobacteria and Proteobacteria were the dominant microbial phyla in soil in the
study area. The dominant bacterial genera were Nocardioides, Janibacter, Dietzia,
Micromonospora, Saccharopolyspora, and Pseudarthrobacter.

(6) According to the PMF model, the soil properties in the study area are jointly influenced
by agricultural activity sources, transportation and industry, and the metal smelting
and electronic manufacturing industries.

Author Contributions: Conceptualization, Y.S.; methodology, Y.S.; software, K.D.; validation, Y.S. and
K.D.; formal analysis, D.W.; investigation, Y.H.; resources, EH.; data curation, K.D.; writing—original
draft preparation, Y.S.; writing—review and editing, Y.S.; visualization, Y.S.; supervision, Y.S.; project
administration, Z.Y.; funding acquisition, K.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (42367070)
and the Open Fund of the Hubei Key Laboratory of Biological Resources Protection and Utilization
(Hubei Minzu University) (KYPT012405).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article, and further inquiries can be directed to the corresponding authors.

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

References

1. Gao, H.Z,; Lu, Q.P. Near Infrared Spectral Analysis and Measuring System for Primary Nutrient of Soil. Spectrosc. Spect. Anal.
2011, 31, 1245-1249. [CrossRef]

2. Dangi, S.R.; Baniuelos, G.; Buyer, ].S.; Hanson, B.; Gerik, J. Microbial community biomass and structure in saline and non-saline
soils associated with salt- and boron-tolerant poplar clones grown for the phytoremediation of selenium. Int. J. Phytoremediat.
2018, 20, 129-137. [CrossRef]

3. Liu, X.; Yang, Z.; Li, B.; Wu, Z.; Wang, L.; Yu, T.; Li, C.; He, Z.; Xie, M.; Deng, C.; et al. Source Apportionment and Analysis of
Potentially Toxic Element Sources in Agricultural Soils Based on the Positive Matrix Factorization and Geo-Detector Models.
Land 2025, 14, 146. [CrossRef]

4. Aoshima, K. Itai-itai disease: Renal tubular osteomalacia induced by environmental exposure to cadmiumbhistorical review and
perspectives. Soil Sci. Plant Nutr. 2016, 62, 319-326. [CrossRef]

5. Qin, S,; Liu, H.; Nie, Z.; Rengel, Z.; Gao, W.; Li, C.; Zhao, P. Toxicity of cadmium and its competition with mineral nutrients for
uptake by plants: A review. Pedosphere 2020, 30, 168-180. [CrossRef]

6. Wang, X.; Han, Z.; Wang, W.; Zhang, B.; Wu, H.; Nie, L.; Zhou, J.; Chi, Q.; Xu, S.; Liu, H.; et al. Continental-scale geochemical
survey of lead (Pb) in mainland China’s pedosphere: Concentration, spatial distribution and influences. Appl. Geochem. 2019, 100,
55-63. [CrossRef]

7. Shi, P; Zhang, Y.; Li, Z,; Li, P; Xu, G. Influence of land use and land cover patterns on seasonal water quality at multi-spatial
scales. Catena 2017, 151, 182-190. [CrossRef]

8. Ma, L.; Abuduwaili, J.; Liu, W. Spatial Distribution and Ecological Risks of the Potentially-Toxic Elements in the Surface Sediments
of Lake Bosten, China. Toxics 2020, 8, 77. [CrossRef]

9. Akindele, E.O.; Omisakin, O.D.; Oni, O.A.; Aliu, O.0.; Omoniyi, G.E.; Akinpelu, O.T. Heavy metal toxicity in the water column
and benthic sediments of a degraded tropical stream. Ecotoxicol. Environ. Saf. 2020, 190, 110153. [CrossRef]

10. Chen, ZW.,; Xu, J.; Yang, F; Hou, Z.L,; Ren, K; Yu, L.S.; Yang, S.Y.; Li, Z.; Zhang, X.B. Comprehensive Monitoring and Ecological
Risk Assessment of Heavy Metals in Soil and Surface Water of Chishui River Basin in Upper Reaches of the Yangtze River. Water
2023, 15, 2069. [CrossRef]

11.  Guo, G.H.; Wu, EC; Xie, EZ.; Zhang, R.Q. Spatial distribution and pollution assessment of heavy metals in urban soils from
southwest China. . Environ. Sci. 2012, 24, 410-418. [CrossRef]

12. Yu, Y, Lu, Y.-N,; Wang, W.-].; Qu, X.-D.; Liu, ].-T.; Wen, C.-Y. Spatio-Temporal Distribution and Risk Assessment of Heavy Metals

in Middle and Lower Reaches of Le’an River. Environ. Sci. 2020, 41, 691-701. [CrossRef]

106



Toxics 2025, 13,270

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.-Q. Heavy Metals and Pesticides Toxicity in Agricultural Soil and
Plants: Ecological Risks and Human Health Implications. Toxics 2021, 9, 42. [CrossRef] [PubMed]

Su, K.; Wang, Q.; Li, L.; Cao, R.; Xi, Y. Water quality assessment of Lugu Lake based on Nemerow pollution index method. Sci.
Rep. 2022, 12, 13613. [CrossRef]

Su, K.; Wang, Q.; Li, L.; Cao, R; Xi, Y.; Li, G. Water quality assessment based on Nemerow pollution index method: A case study
of Heilongtan reservoir in central Sichuan province, China. PLoS ONE 2022, 17, e0273305. [CrossRef]

Zhao, D.; Sang, Y.M.; Zhang, Q.; Man, Y.; Han, Y.H.; Wu, B.; Guo, C.Y.; Gu, Q.B. Spatial Distribution, Risk Assessment, Source
Apportionment and Stabilization Performance of Potentially Toxic Elements in Sediments of Dongdagou River, Northwest China.
Water Air Soil Pollut. 2024, 235, 352. [CrossRef]

Shi, L.Y.; Ma, Z.B.; Zhang, D.E.; Xue, S.G.; He, X.S.; Huo, K.; Wang, G.H.; Yj, ]. Pollution evaluation and source analysis of heavy
metals in copper smelting site in Yellow River Basin. Chin. J. Nonferrous Met. 2023, 33, 3462-3475. [CrossRef]

Guo, W,; Zhang, H.; Wang, M.; Yin, X.; Wang, Z. Arsenic Removal from Contaminated Soil Inside Non-Ferrous Metal Smelter by
Washing. Soil Sediment Contam. 2020, 29, 151-164. [CrossRef]

Tang, X.X. Study on the Interaction of Cadmium, Zinc, and Selenium in Soil of Typical High Cadmium Geological Background
Areas in Guangxi. Master’s Thesis, Chongqing Three Gorges University, Chonggqing, China, 2024. [CrossRef]

Hou, X.J.; Zhang, Y.L.; Liu, X.; Zhou, C.S.; Dang, X.J.; Hu, ].N. An evaluation and analysis method of heavy metal pollution in soil
of agricultural land around mining areas based on double index method. Int. |. Environ. Pollut. 2024, 74, 35-49. [CrossRef]

Li, W.X,; Zhang, X.X.; Wu, B,; Sun, S.L.; Chen, Y.S.; Pan, W.Y.; Zhao, D.Y.; Cheng, S.P. A comparative analysis of environmental
quality assessment methods for heavy metal-contaminated soils. Pedosphere 2008, 18, 344-352. [CrossRef]

Wei, J.; Zheng, X.; Liu, ]. Modeling Analysis of Heavy Metal Evaluation in Complex Geological Soil Based on Nemerow Index
Method. Metals 2023, 13, 439. [CrossRef]

Wang, Y.; Sun, W.; Zhao, Y.L.; He, P.Y.; Wang, L.D.; Nguyen, L.T.T. Assessment of Heavy Metal Pollution Characteristics
andEcological Risk in Soils around a Rare Earth Mine in Gannan. Sci. Program. 2022, 2022, 5873919. [CrossRef]

Yang, Y.L.; Zhang, D.W.; Quan, J.; Wang, PW.; Xu, Y. Water quality assessment of Middle Route of South-North Water Diversion
Project based on modified Nemerow index method. Water Supply 2021, 21, 1005-1015. [CrossRef]

Odewande, A.A.; Abimbola, A.F. Contamination indices and heavy metal concentrations in urban soil of Ibadan metropolis,
southwestern Nigeria. Environ. Geochem. Health 2008, 30, 243-254. [CrossRef]

Mookan, V.P; Machakalai, R.K,; Srinivasan, S.; Sigamani, S.; Kolandhasamy, P.; Gnanamoorthy, P.; Moovendhan, M.; Srinivasan,
R.; Hatamleh, A.A.; Ai-Dosary, M.A. Assessment of metal contaminants along the Bay of Bengal-Multivariate pollution indices.
Mar. Pollut. Bull. 2023, 192, 115008. [CrossRef]

Paatero, P; Tapper, U. POSITIVE MATRIX FACTORIZATION—A Nonnegative Factor Model with Optimal Utilization of
Error-Estimates of Date Values. Environmetrics 1994, 5, 111-126. [CrossRef]

Deng, J.Y,; Yu, D.; Wu, H.; Du, J.Y,; Pu, S.Y. Soil contamination characteristics and source analysis of a copper smelting site in
Guangxi. Acta Sci. Circumstantiae 2023, 43, 290-299. [CrossRef]

Shao, H.Q.; Zhang, YW.; Qu, C.; Li, WH.; Zhao, Y.J.; Liu, N.; Cai, HM.; Wu, C.D; Liu, ]. M. Analysis of heavy metal contamination
in the soil and enrichment capabilities ofterrestrial plants around a typical vanadium smelter area. Chin. J. Eng. 2020, 42, 302-312.
[CrossRef]

Zhao, J.; Gao, Y,; Wang, Y.; Zhao, Y.J. The effect of different afforestation tree species on plant diversity after 50 years on Mount
Tai, China. Appl. Ecol. Environ. Res. 2022, 19, 4515-4526. [CrossRef]

Pan, X.; Zhang, S.; Zhong, Q.; Gong, G.; Wang, G.; Guo, X.; Xu, X. Effects of soil chemical properties and fractions of Pb, Cd, and
Zn on bacterial and fungal communities. Sci. Total Environ. 2020, 715, 136904. [CrossRef]

Vétrovsky, T.; Baldrian, P. An in-depth analysis of actinobacterial communities shows their high diversity in grassland soils along
a gradient of mixed heavy metal contamination. Biol. Fertil. Soils 2015, 51, 827-837. [CrossRef]

Ausuri, J.; Dell’Anno, F; Vitale, G.A.; Esposito, F.P.; Funari, V.; Franci, G.; Galdiero, M.; Della Sala, G.; Tedesco, P; Coppola, D.;
et al. Bioremediation of Multiple Heavy Metals Mediated by Antarctic Marine Isolated Dietzia psychralcaliphila JI1D. ]. Mar. Sci.
Eng. 2022, 10, 1669. [CrossRef]

Bofill, R.; Orihuela, R.; Romagosa, M.; Domenech, J.; Atrian, S.; Capdevila, M. Caenorhabditis elegans metallothionein isoform
specificity—Metal binding abilities and the role of histidine in CeMT1 and CeMT2. FEBS J. 2009, 276, 7040-7069. [CrossRef] [PubMed]
Ortuzar, M.; Trujillo, M.E.; Romén-Ponce, B.; Carro, L. Micromonospora metallophores: A plant growth promotion trait useful for
bacterial-assisted phytoremediation? Sci. Total Environ. 2020, 739, 139850. [CrossRef]

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.

107



% applied sciences ﬁw\p\py

Article
Effects of Coal Mining Subsidence on Loess Slope Morphology
and Soil Erosion in the Middle Reaches of the Yellow River

Shijie Song 1%%*, Ruilin Niu 1?3, Shuai Yang %, Xing Cheng >3, Hao Ruan >3, Baodeng Chen /%3,

1,2,3

Yuanhong Li and Lijun Tang ®

College of Geology and Environment, Xi’an University of Science and Technology, Xi’an 710054, China;
22209226109@stu.xust.edu.cn (R.N.); 22209226107@stu.xust.edu.cn (X.C.);

22209226108@stu.xust.edu.cn (H.R.); 23209226129@stu.xust.edu.cn (B.C.); 23209226101@stu.xust.edu.cn (Y.L.)
Research Institute of Coal Green Mining Geology, Xi’an University of Science and Technology,

Xi’an 710054, China

Key Laboratory of Geological Guarantee for Coal Green Development of Shaanxi Province,

Xi’an 710054, China

Shanxi Satellite Application Technology Center for Natural Resources, Xi’an 710002, China;
shuai.yang.cug@hotmail.com

Ningxia Hui Autonomous Region Land and Resources Investigation and Monitoring Institute,
Yinchuan 750002, China; tang_lijun2024@163.com

*  Correspondence: songshijie@xust.edu.cn

Abstract: How to solve the contradiction between coal mining and soil and water con-
servation is a key scientific issue in the achievement of high-quality development in the
middle reaches of the Yellow River. In this paper, the northern Shaanxi mining area in
the middle reaches of the Yellow River is taken as the research area, and the surface loess
micro-topography is taken as the entry point. The numerical simulation test and soil loss
model calculation are used to reveal the different types of loess natural slope morphology
(straight slope, concave slope, convex slope, and composite slope) and the natural slopes
(5°,15°, 25°, 35°, 45°). The influence characteristics and laws of the same mining on the
surface loess slope morphology in the coal mining subsidence area are analyzed, and the
soil erosion effect on the slope scale is analyzed. The results show that: (1) Coal mining
subsidence will lead to an increase in the slope of the loess slope, and the smaller the
natural slope, the greater the increase in slope. Among them, the influence of coal mining
subsidence on the ‘concave loess slope with natural slope of 15°” is the most significant,
and the natural slope of 15° is the key dividing point for the transformation of the sensitive
slope shape of the loess slope in the coal mining subsidence area of northern Shaanxi.
(2) Coal mining subsidence will lead to the decrease in slope length of a loess natural slope,
and the smaller the natural slope, the greater the decrease in slope length. Among them,
coal mining subsidence has the most significant impact on the ‘concave loess slope with a
natural slope of 25°”. The natural slope of 25° is the key point of the sudden change rate of
the slope length of the loess slope in the coal mining subsidence area of northern Shaanxi.
(3) Coal mining subsidence will lead to the increase in the soil erosion modulus on the
surface loess slope under the scale of ‘annual erosion rainfall” and ‘typical field erosion
rainfall’, and the smaller the natural slope, the greater the increase in the soil erosion
modulus. The natural slopes of 15° and 25° are the key points of the abrupt change in soil
erosion intensity on the loess slope in the coal mining subsidence area of northern Shaanxi
under the scales of ‘annual erosion rainfall” and ‘typical erosion rainfall’, respectively.
Under the scale of annual erosion rainfall, the increment of the 15° slope was 1.65 times,
1.12 times, 1.11 times, and 1.02 times that of the 5°, 25°, 35°, and 45° slopes, respectively.
Under the typical erosion rainfall scale, the increment of the 25° slope was 4.22 times,
1.32 times, 1.04 times, and 1.15 times that of the 5°, 15°, 35°, and 45° slopes, respectively.
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(4) For the loess subsidence slope with any slope shape, the increase in slope gradient is the
main factor for the increase in the soil erosion modulus. Under the annual erosion rainfall
scale, the contribution of slope increase was 92.9%. Under the typical erosion rainfall scale,
the contribution of slope increase was 79.1%. The research results can provide scientific
guidance for soil erosion and control in the northern Shaanxi mining area in the middle
reaches of the Yellow River Basin.

Keywords: soil erosion effect; the morphology of loess slope; coal mining subsidence;
numerical simulation; middle Yellow River

1. Introduction

As an important basic energy in China, coal plays the role of ballast and stabilizer in
ensuring national energy security and supporting economic development [1]. In 2024, China’s
total raw coal production reached 4.78 billion tons, an increase of 1.2% [2]. Driven by the
strategy of “carbon peak, carbon neutrality”, the proportion of coal in China’s primary energy
consumption has entered a downward channel. It is predicted that the proportion of coal
consumption will be reduced to 42.51% in 2030 [3]. The status of coal will change from being
the dominant energy source to one of the major energy sources, but it will still provide a
guarantee for national energy security [4]. As the main producing area of coal resources
in China, the Yellow River Basin is densely distributed with large coal bases planned and
constructed by nine countries [5]. As of 2023, the coal production in the Yellow River Basin
has reached 3.76 billion tons, accounting for 79.1% of the total coal production in the country.
Among them, the coal production in the middle reaches of the Yellow River has exceeded
1.89 billion tons, accounting for about 40% of the total coal production in the country [6].
The coal mining area in northern Shaanxi has large resource reserves, good coal quality, and
superior mining conditions. It plays an important role in coal production in the middle
reaches of the Yellow River and in national energy supply [7]. However, due to the constraints
of geological occurrence conditions and the ecological environment quality, large-scale coal
mining has caused serious coal mining subsidence and derivative soil erosion problems in
the coal mining area of northern Shaanxi. More importantly, the coal mining area in northern
Shaanxi is spatially highly overlapped with the Yellow River sediment-laden coarse sand
national soil and water loss key control area [8]. This phenomenon aggravates the conflict
between coal mining and soil and water conservation needs, especially in the loess gully
landform area [9]. Therefore, how to scientifically prevent and control the soil erosion effect of
coal mining subsidence in the loess mining area has become one of the key points of ecological
environment protection and high-quality development in the northern Shaanxi coal mining
area and even the middle reaches of the Yellow River [10].

As the direct embodiment of the complex terrain in the loess gully region, the nat-
ural form (slope) of the loess layer on the surface is not only an important geological
factor affecting the coal mining subsidence, but also an important topographic basis for
shaping the final shape of the surface after the subsidence, so that there is an obvious
mutual feedback effect between the ‘shape and deformation of the loess slope” and the
‘characteristics and laws of coal mining subsidence’. That is, the loess layer affects the
occurrence and development of coal mining subsidence. At the same time, coal mining
subsidence will also significantly change the shape of the loess layer on the surface. At
present, the relevant research results at home and abroad mainly focus on the aspect of
“loess layer affecting coal mining subsidence’. Shijie Song [11] and Wang X [12] studied
the influence of the thickness of the loess layer on the subsidence coefficient; Lian X [13]
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analyzed the influence of the mechanical properties of loess joints on the development law
of coal mining subsidence. Marek Drewnik [14] studied the effect of chemical properties of
loess soil on the surface morphology. Tang Fuquan [15], Yao Y [16], Wang L [17], Vanapalli
S [18], and Smalley [19] studied the effect of the collapsibility of the loess layer on the
surface movement and damage effect. However, there are few reports on the research
results of ‘coal mining subsidence affecting loess layer’ [20,21]. The essence of the influence
of coal mining subsidence on the shape of the loess slope is that with the high-intensity
coal mining, after a large area of goaf is formed underground, the upper rock layer loses its
support, and the original stress balance is destroyed. This stress change is transmitted to
the loess layer on the surface through the overlying rock layer, which significantly changes
the original terrain (the shape of the surface slope) [22]. Through numerical simulation, He
L [23] found that the stress change in the goaf caused the roof to break and transmit to the
surface, resulting in the movement and deformation of the surface. AN C [24] showed that
the vertical extrusion and horizontal stretching caused by coal mining have a significant
effect on slope deformation. As we all know, coal mining subsidence often has the distinct
characteristics of short duration from occurrence to stability, and soil erosion factors such as
precipitation [25], soil [26], vegetation [27], and water conservation measures [28] generally
do not change significantly in such a short period of time, so that the topographic factors
(i-e., loess slope morphology) that have changed significantly in coal mining subsidence
have become the main controlling factors of soil erosion intensity in coal mining subsidence
areas [8]. Therefore, the lack of research on the influence of coal mining subsidence on
the surface morphology of the loess layer restricts the scientific understanding of the soil
erosion effect derived from coal mining subsidence [20].

In view of this, this paper takes the typical loess coal mining area in northern Shaanxi
as the research area and takes the overlying strata of the 22 main coal seam in the area as
the geological prototype. Based on the numerical simulation test method, the influence of
coal mining subsidence on the surface loess slope morphology (slope, slope length) under
the same mining and geological conditions is studied and revealed. On this basis, the
soil erosion effect of surface loess slope deformation is calculated and analyzed by using
different scale soil erosion models, in order to enrich and deepen the study of the soil and
water loss law in coal mining subsidence areas and to provide a scientific basis for soil and
water conservation in coal mining subsidence areas in northern Shaanxi and ecological
protection and high-quality development in the middle reaches of the Yellow River.

2. Overview of the Study Area

The study area is located in the loess hilly and gully area in Yulin City, northern
Shaanxi Province. The ridges and hills are undulating, and the valleys are vertical and
horizontal [29]. The slope gradient on both sides of the valley is generally within 5°~45°
(Figure 1). The region belongs to the semi-arid continental climate, with perennial drought
and little rain. The rainfall is concentrated from July to September, and the annual rainfall
is between 194.7 mm and 531.6 mm. The ecological environment in the study area is fragile,
the vegetation type is single, mainly drought-tolerant sand plants and shrubs, and the
anti-interference ability is poor. The soil erosion in the area is serious, and the soil erosion
modulus exceeds 4000 t-km~2-a~! [30]. The strata in the study area from old to new are the
Upper Triassic Yongping Formation (T3y), the Lower Jurassic Fuxian Formation (J;£), the
Middle Jurassic Yan’an Formation (J,y), the Zhiluo Formation (J,z), the Anding Formation
(Joa), and the Tertiary and Quaternary periods. Among them, the 272 coal seam in the
Yan’an Formation is the main mineable coal seam in the area, with a thickness of 3~10 m,
generally buried at a depth of 0~300 m [31]. The overlying bedrock is characterized by
sand-mudstone interbedding. Among them, there are many layers of sandstone, generally
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12 layers; the thickness of single-layer sandstone is about 14 m, and the sand /mud ratio
is about 80%. The mining method of the main coal seam is long-wall comprehensive
mechanized mining, and the mining thickness is generally about 5 m.
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Figure 1. Location diagram of study area.

3. Research Method and Process
3.1. Numerical Model Construction and Experiment

In this study, FLAC3P version 6.0 was selected as the numerical simulation software,
mainly because of its powerful three-dimensional geological modeling and geotechnical
mechanics simulation capabilities. FLAC®P (Fast Lagrangian Analysis of Continua in 3 Di-
mensions) adopts the explicit finite difference method, which can effectively simulate the
progressive failure and instability process of geological materials and is especially suitable
for simulating the surface deformation caused by coal mining subsidence. It shows good
adaptability in the dynamic simulation of surface displacement and related geological re-
sponse caused by coal mining subsidence and can accurately reveal the change law of slope
C3P supports
dynamic adjustment of local material parameters and can flexibly simulate different engineer-

morphology and its relationship with coal mining subsidence. In addition, FLA

ing processes according to specific geological conditions and mining conditions. Its efficient
three-dimensional modeling, flexible parameter modification and powerful post-processing
function can extract displacement, stress, and strain data in real time and generate an intuitive
and clear displacement field and stress distribution chart, which provides strong support for
the study of the slope deformation law. As a widely recognized numerical simulation tool for
geotechnical engineering at home and abroad, FLAC®P has achieved remarkable results in a
number of studies on coal mining subsidence and surface deformation [32,33]. However, the
material model assumption of FLAC®P is relatively simplified, which may not fully reflect the
complex nonlinear deformation behavior of a loess layer. Further experimental verification
and model adjustment are needed to optimize the simulation results.

3.1.1. Model Framework

According to the morphological characteristics of the loess slope in the study area and
the burial structure of the 272 main coal seam from the bottom to the top “floor-coal seam-
bedrock layer-loess layer’, a three-dimensional geological numerical model was constructed.
The natural slope shape of the loess slope in the model is set to four types: linear, concave,
convex, and compound. These types are based on the classification criteria of slope shape
and cover all kinds of slope shapes in the study area. The natural slopes of the loess slope
are set to 5°,15°, 25°, 35°, 45°, and 5 other gradients [34], which can cover the slope range
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in the study area. The model is set to be 800 m long, 300 m wide, and 295 m high at the top
of the slope, and 235 m high at the foot of the slope. Among them, the thickness of the coal
seam is 5 m, the thickness of the floor is 10 m, the thickness of the bedrock is 210 m, and the
thickness of the loess layer is 70 m (including 10 m of loess layer in the horizontal section of
the slope toe). The overlying bedrock of the coal seam is mainly sandstone and mudstone,
and the thickness of the sandstone and mudstone is generally 80% and 20%. The upper part
of the bedrock is siltstone and fine sandstone, the middle part is siltstone and mudstone, and
the lower part is the interbedded structure of the medium sandstone and siltstone. Among
them, there are 12 layers of sandstone with an average thickness of 14 m, and 4 layers of
mudstone with an average thickness of 10.5 m. The typical three-dimensional geological
model based on FLAC3P software is shown in Figure 2.

Loess layer
| siltstone

Fine grained sandstone

Medium-grained sandstone

Mudstone
Coal seam
Base plate

Figure 2. Three-dimensional numerical model of convex slope with slope of 25°.

3.1.2. Model Type Division

Different types of numerical models are constructed with the natural slope shape and
slope of the surface loess slope as variables. In order to ensure that the relative position
of the surface loess slope and the underground goaf in all the models is consistent, the
slope length under the coupling of different slope shapes and slopes is set to different
lengths. Based on the above variables, a total of 20 different types of numerical models
were constructed under the same mining and geological conditions (Table 1).

Table 1. The model types for the numerical simulation.

Model Types Slope Shape Natural Slope/(°) Natural Slope Length/(m)
Al 5 688.45
A2 15 231.82
A3 straight slope 25 141.97
A4 35 104.61
A5 45 84.85
Bl 5 613.05
B2 15 201.40
B3 concave slope 25 117.15
B4 35 96.14
B5 45 78.88
C1 5 722.56
C2 15 257.37
C3 convex slope 25 162.34
C4 35 116.97
C5 45 98.15
D1 5 688.78
D2 15 233.27
D3 composite slope 25 143.33
D4 35 106.57
D5 45 90.51
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3.1.3. Simulation Test Process

First, according to the physical and mechanical test data of the rock and soil layers of
representative geological boreholes in the study area, the parameters of each numerical
model are assigned (Table 2); second, the boundary conditions of each numerical model
are set in the FLAC®P version 6.0 software. The front, rear, left, and right interfaces of the
model are unidirectional constrained boundaries; the lower boundary is a fully constrained
boundary, and the upper interface is a free boundary. Third, the initial equilibrium of each
numerical model is achieved by running the calculation; fourth, the gradual excavation
test is carried out for each numerical model, and 20 m is excavated at each step until full
mining is achieved. Fifth, the amount of subsidence and horizontal movement of the model
surface slope that reaches the full mining state is extracted.

Table 2. Physical and mechanical parameters of each rock layer.

Lithologic Elastic Tensile Volumetric The Angle of Poisson Cohesive
Characters Modulus/(MPa)  Strength/(MPa) Weight/(KN-m—3) Internal Friction/(°) Ratio Forces/(MPa)
Loess layer 107.0 0.20 18.60 37.2 0.30 0.60
Fine-grained 3270 3.79 24.11 40.0 0.28 0.15
sandstone
Mudstone 3450 2.20 24.30 37.0 0.36 1.16
Medium-grained 4720 1.20 25.28 37.0 0.38 4.06
sandstone
Siltstone 4430 1.31 24.50 40.0 0.44 3.20
Coal seam 2570 0.24 13.60 38.5 0.36 0.61
Base plate 4720 1.86 23.81 37.7 0.35 3.60

3.2. Calculation and Data Processing Method
3.2.1. Calculation of Morphological Parameters of Subsidence Slope

The equivalent substitution method is used to transform the subsidence and horizontal
movement of the subsidence slope in the model into the slope shape, and the slope gradient
and slope length are calculated [35].

3.2.2. Calculation of Soil Erosion Modulus

(1) Under the annual erosion rainfall scale

The Chinese General Soil Loss Equation (CSLE) proposed by Liu et al. [36,37] is
adopted. The equation is based on the USLE (Universal Soil Loss Equation) and RUSLE
(Revised Universal Soil Loss Equation) models in the United States and is combined with
the characteristics of soil erosion and soil slope characteristics in China. It is suitable for
predicting and calculating soil erosion intensity in China. Since the calculation results of
the CSLE model are more in line with the actual situation in China, it has been adopted
by the ‘Soil Erosion Classification and Grading Standard” (SL190-2007) and has become
a recommended method for calculating the soil water erosion modulus at the annual
erosion rainfall scale. Therefore, many scholars at home and abroad [38,39] have carried
out research on soil erosion in different types of regions based on this equation, including
coal mining areas in the northwest. For example, Wang et al. [40] studied the dynamic
changes in soil erosion in the Shendong mining area using this model. In view of this,
the CSLE equation is more suitable for the study of soil erosion characteristics and the
change rules in the loess coal mining subsidence area in northern Shaanxi. In the CSLE
model formula, the rainfall erosivity factor was based on that of Hu Lin et al. [41], and
the R in northern Shaanxi was 1471.4 MJ-mm-hm~2?h~'a~!. The soil erodibility factor
is combined with the calculation method proposed by Williams et al. [42] and the study
of Song et al. [43] on the soil erodibility of the loess slope in northern Shaanxi. The soil
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erodibility K value is 0.306 t-hm?-h-(MJ-hm?-mm)~!; the slope length and slope factor (L, S)
were calculated by the formula proposed by Desme et al. [44] and McCool D K et al. [45,46].
The vegetation coverage and biological measures factor B was obtained by the vegetation
coverage equation proposed by Cai Chongfa et al. [47]. The factor E of soil and water
conservation engineering measures was selected as 0.9, and the factor T of tillage measures
was set as 1.

(2) Typical erosion rainfall scale

The empirical formula of Wu et al. [48] is based on the long-term rainfall erosion
characteristics, slope morphology, and soil erosion dynamics in the Loess Plateau. After
many field verifications, it is widely used in soil erosion analysis in the Loess Plateau and
other erosion sensitive areas. The formula can effectively predict soil loss under different
rainfall conditions by quantifying the interaction between rainfall, slope, slope length, and
soil erosion. In this paper, three typical rainfall conditions (16.6 mm, 26.9 mm, 39.7 mm)
in the empirical formula of Wu et al. were selected, and the soil erosion modulus was
calculated by combining slope and slope length, as shown in Table 3. In the analysis of
the model, It is understood that the main erosive rainfall in the Loess Plateau of northern
Shaanxi is concentrated within the range of 15 to 45 mm. Rainfall within this range
occurs frequently, accounting for 50-65% of the annual precipitation events, and the runoff
generated from this rainfall contributes to 81.7% of the total runoff. It is proved that the
application of the formula under this rainfall condition is reasonable, and it has good
applicability to the typical erosive rainfall area of the Loess Plateau in northern Shaanxi. It
should be noted that Wu’s empirical formula is widely used in the Loess Plateau, but the
model is mainly based on empirical data, which may not fully capture soil erosion under
complex terrain or extreme weather conditions. Therefore, when applied in other regions,
it may be necessary to make appropriate adjustments to the model.

Table 3. Comprehensive factors of rainfall and soil erosion in Loess Plateau relationship.

Rainfall Raindrop

Rain Fall . . L. Quantization of S, L, Correlation
J(mm) Intensity  Kinetic Energy and Ms Index R
/(mm-h—1) /(J-m—2)
16.6 12.73 255.64 Ms = 39.72750-741],—0577 0.970
26.9 122.28 766.11 Ms = 213.95550-9921,—0.310 0.997
39.7 14.44 634.80 Ms = 40.33350-847], 0432 0.990

(3) Calculation of the contribution of slope factor and slope length factor in soil
erosion modulus

The contribution of slope factor and slope length factor to the soil erosion modulus
was quantitatively analyzed by using the coefficients of each variable in the multivariate
linear regression equation. The size and positive and negative values of the coefficient
reflect the positive or negative effects of each factor on the soil erosion modulus, so as to
clarify its importance in the process of soil erosion.

4. Results

Based on the numerical simulation test and data calculation, the slope, slope length,
and soil erosion modulus of the surface loess slope of the 20 models before and after mining
were obtained, respectively, as shown in Table 4.
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4.1. The Influence of Coal Mining Subsidence on the Slope of Loess Slope

4.1.1. Slope Variation Characteristics of Subsidence Slope Under the Same Natural
Slope Shape

According to Table 4, the contrast diagram of the increment of and increase in the
slope of the loess slope after coal mining subsidence under the same natural slope condition

is drawn; this is shown in Figure 3.
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Figure 3. Under the same natural slope shape, the slope increment and increase after full mining.

First, under the condition of full mining, when the natural slope is [5°, 25°], the slope
increments of the linear, concave, convex, and complex loess slopes increase with the
increase in the slope. Among them, the concave loess slope has the largest slope increment
when the natural slope is 25°, which is 1.27 times, 1.49 times, and 1.20 times that of the linear,
convex, and complex slopes. When the natural slope is (25°, 45°], the change range of the
slope increments of these four loess slopes is small, and the change value of the increments
is within 0.1°. In general, coal mining subsidence will lead to the slope increments of linear,
concave, convex, and complex loess slopes increasing first and then tending to be stable
with the increase in natural slope. Secondly, under the condition of full mining, when the
natural slope is [5°, 15°), the average increase in the slope gradient of the linear, concave,
convex, and composite loess slopes is more than 10%, and the increase in the slope gradient
of the convex loess slope is the largest when the natural slope is 5°, with an increase of
more than 12%. When the natural slope is (15°, 25°], the average increase in the slope
gradient of the linear, concave, convex, and composite loess slopes is 7.51%, 8.41%, 7.03%,
and 7.59%, respectively. When the natural slope is (25°, 45°], the average increase in the
slope of the linear, concave, convex, and composite loess slopes is 5.01%, 5.62%, 4.75%, and
5.03%, respectively. Among them, the slope of the three loess slopes of the linear, convex,
and composite shapes is increased by less than 4% when the natural slope is 45°. It can
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be seen that coal mining subsidence will lead to the increase in the slope of the four slope
shapes, which decreases with the increase in the natural slope. When the natural slope is
5°, the increase in the slope of the four slope shapes is the largest, and the change trend is
highly consistent with the exponential function, as shown in Equations (1)—(4).

Slope increase equation of straight slope : Ci = 13.159¢ %928 R2 =0.9938 (1)

Slope increase equation of concave slope : Ci = 13.064e 92" R? =098%4 (2
Slope increase equation of convex slope : Ci = 13.650e %% R2=09844  (3)
Slope increase equation of complex slope : Ci = 13.016e %7 R? = 0.9985  (4)

In the equation: i—The natural slope of four kinds of slope shape loess slope, °; Ci—Slope
increase, %.

4.1.2. Slope Variation Characteristics of Subsidence Slope Under the Same Natural Slope

According to Table 4, the curve of the slope gradient increment of and increase
in the loess slope with the linear, concave, convex, and compound shapes after coal
mining subsidence under the same natural slope condition is drawn; this is shown in

Figures 4 and 5.
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Figure 4. Slope increment after full mining on the same slope.
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Figure 5. Slope increase after full mining on the same slope.

It can be seen from Figures 4 and 5 that under the same natural slope, the influence of
coal mining subsidence on the slope of linear, concave, convex, and complex loess slopes is
different. Specifically:

Firstly, under the condition of full mining, when the natural slope is [5°, 15°), the slope
increments of the linear, concave, convex, and composite loess slopes are all below 0.7°, and
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there is no significant difference. When the natural slope is [15°, 45°], the slope increment
of these four loess slopes is between 1.2° and 2°. Among them, the slope increment of
the concave loess slope is always the largest, which is 11.11%, 11.86%, and 11.11% higher
than that of the linear, convex, and composite slopes, respectively. It can be seen that the
influence of coal mining subsidence on the slope of the concave loess slope is the most
significant. Secondly, under the condition of full mining, when the natural slope is [5°, 15°),
the slope increase of the linear, concave, convex, and composite loess slopes is the largest,
which is more than 10%. The order of the slope increase of the loess slopes with different
slope shapes caused by coal mining subsidence is convex slope > linear slope > composite
slope > concave slope. When the natural slope is [15°, 45°], the order of the slope increase
of the loess slope under different slope shapes caused by coal mining subsidence is concave
slope > straight slope ~ composite slope > convex slope. The slope increase of the concave
loess slope is 11.32%, 18.61%, and 10.99% higher than that of the straight, convex, and
composite slopes, respectively.

It can be seen, firstly, that the convex loess slope with a natural slope of less than 15°
and the concave loess slope with a natural slope of greater than 15° are the most sensitive
to coal mining subsidence. Second, the natural slope of 15° is the key demarcation point
for the transformation of the sensitive slope shape of the loess slope in the coal mining
subsidence area of northern Shaanxi.

4.2. The Influence of Coal Mining Subsidence on Slope Length of Loess Slope

4.2.1. The Variation Characteristics of Slope Length of Subsidence Slope Under the Same
Natural Slope Shape

According to Table 4, the comparison chart of the reduction and the change in the
slope length of the loess slope after the mining subsidence under the same natural slope
condition is drawn; this is shown in Figure 6.
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Figure 6. Under the same natural slope shape, the comparison chart of slope length reduction and
decrease after full mining.

It can be seen from Figure 6 that no matter what kind of slope shape, coal mining
subsidence will lead to the decrease in the slope length of the loess natural slope, and the
smaller the natural slope, the greater the decrease in slope length. Specifically:

Firstly, under the condition of full mining, when the natural slope is [5°, 15°), the
average decrease in the slope length of the linear, concave, convex, and composite loess
slopes is 3.44%, 5.09%, 2.82%, and 4.75%, respectively. When the natural slope was [15°,
25°), the average decrease in the slope length of the four loess slopes was 3.10%, 4.72%,
2.62%, and 4.18%, respectively. When the natural slope was [25°, 35°), the average decrease
in the slope length of the four loess slopes was 2.86%, 3.84%, 2.27%, and 3.50%, respectively.
When the natural slope is [35°, 45°], the average decrease in the slope length of these four
loess slopes is 2.06%, 2.44%, 1.51%, and 2.11%, respectively. It can be seen that coal mining
subsidence will lead to the decrease in the slope length of the loess slope with the increase
in the natural slope. Secondly, under the condition of full mining, the slope length of the
linear, concave, convex, and composite loess slopes with a natural slope of 5° has the largest
decrease, which is 1.44 times, 1.47 times, 1.43 times, and 1.63 times that of the average
decrease in the slope length of the four slopes with a natural slope of 15°, 25°, 35°, and 45°.
It can be seen that the influence of coal mining subsidence on the slope length of the loess
slope is the most obvious when the natural slope is 5°, and its change trend conforms to
the characteristics of a quadratic polynomial function, as shown in Equations (5)—(8).

The slope length reduction amplitude equation of straight slope : Li = —0.0011i> 4 0.0048i 4+ 3.597  R* = 0.939%4 (5)

The slope length reduction amplitude equation of concave slope : Li = —0.0022i*+ 0.023i +5.1784  R* = 0.9929 (6)

The slope length reduction amplitude equation of convex slope : Li = —0.0013i>+ 0.0196i +2.8265  R* = 0.9873 (7)
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The slope length reduction equation of composite slope : Li = —0.0019i2+ 0.0025i +5.0356 ~ R*> = 0.9836  (8)

In the equation: i—The natural slope of four kinds of slope shape of loess slope, °; Li—
Reduction in slope length, %.

4.2.2. The Variation Characteristics of Slope Length of Subsidence Slope Under the Same
Natural Slope

According to Table 4, under the same natural slope conditions, the curves of the
decrease and decrease in the slope length of the loess slope after mining subsidence are
drawn and are straight, concave, convex, and composite. See Figures 7 and 8.
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Figure 7. The change curve of slope length reduction after full mining under the same slope.
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Figure 8. The change curve of slope length after full mining under the same slope.

It can be seen from Figures 7 and 8 that under the same natural slope, the influence of
coal mining subsidence on the slope length of the linear, concave, convex, and composite
loess slopes is different. Specifically:

Firstly, under the condition of full mining, when the natural slope is [5°, 25°], the
average decrease in the slope length of the linear, concave, convex, and compound loess
slopes caused by mining subsidence is 3.31%, 4.90%, 2.73%, and 4.49%, respectively. The
order of the slope length decrease of the loess slope under different slope shapes is concave
slope > compound slope > linear slope > convex slope. Among them, the decrease in
the slope length of the concave loess slope is always the largest, which is 1.48 times,
1.80 times, and 1.09 times that of the average decrease in the slope length of the linear,
convex, and compound loess slopes. When the natural slope is (25°, 45°], the order of the
slope length reduction of the loess slope under the different slope shapes caused by coal
mining subsidence is concave slope > composite slope ~ straight slope > convex slope. It

120



Appl. Sci. 2025, 15, 5684

Soil erosion modulus increment/tehm 2ea”!

Soil erosion modulus increment/ tshm 2ea”!

60

50

30

20

30

20

can be seen that the influence of coal mining subsidence on the slope length of the concave

loess slope is the most significant.

Second, under the condition of full mining, when the natural slope is [5°, 25°], the
slope length of the three loess slopes of the linear, concave, and convex slopes is relatively
stable, and the variation range is below 0.8%. When the natural slope is (25°, 45°], the slope
length of the linear, concave, convex, and composite loess slopes changes significantly,
and the slope length of these four loess slopes with a natural slope of 25° is 2.10 times,
2.61 times, 2.47 times, and 3.28 times that of 45°. It can be seen, firstly, that the decrease
in the slope length of the loess subsidence slope under different slope shapes shows a
decreasing trend with the increase in natural slope. Second, the natural slope of 25° is the
key point of the sudden change rate of the slope length of the loess slope in the coal mining

subsidence area of northern Shaanxi.

4.3. Analysis of Soil Erosion Effect of Slope Deformation

4.3.1. Soil Erosion Effect Under Annual Erosion Rainfall Scale

(1) The variation characteristics of soil erosion modulus under the same natural

slope shape

According to Table 4, the contrast diagram of the increment of and increase in the soil
erosion modulus of the loess slope with the same natural slope shape after coal mining
subsidence under the annual erosion rainfall scale is drawn; this is shown in Figure 9.
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Figure 9. Comparison of soil erosion modulus increment and increase after full mining under

CSLE model.

From Figure 9, it can be seen that no matter what the slope shape, coal mining subsi-
dence will lead to an increase in the soil erosion modulus on the loess slope. Specifically:
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First, under the condition of full mining, when the natural slope is [5°, 15°], the
average increase in the soil erosion modulus of the linear, concave, convex, and composite
loess slopes is 10.33%, 9.62%, 10.76%, and 9.56%, respectively. When the natural slope is
(15°, 25°), the average increase in the soil erosion modulus of these four loess slopes is
6.42%, 6.55%, 5.98%, and 6.03%, respectively. When the natural slope was (25°, 45°], the
average increase in the soil erosion modulus of the four loess slopes was 4.26%, 4.43%,
4.37%, and 4.18%, respectively. In addition, the increment of the soil erosion modulus of the
linear, concave, convex, and complex loess slopes with a natural slope of 15° is the largest,
which is 1.67 times, 1.12 times, 1.24 times, and 1.26 times that of the average increment of
the soil erosion modulus of the four slopes with natural slopes of 5°, 25°, 35°, and 45°.

Second, according to the data of the slope increase, slope length decrease, and soil
erosion modulus increase of the loess slope in different models, the quantitative relationship
between the soil erosion modulus increase (R, ) and slope increase (Rs) and slope length
decrease (R;) under the annual erosion rainfall scale was constructed by using a multiple
linear fitting method, as shown in Equation (9).

Ru, = 1.007Rs — 0.279R; +0.644  R* = 0.9325 )

In the formula: Rp;,—The increase in soil erosion modulus under the scale of one-year
erosion rainfall, %; Rs—slope gradient increase, %; R;—slope length decrease, %.

It can be seen, firstly, that under the scale of annual erosion rainfall, the increase in the
soil erosion modulus of the loess subsidence slope with any slope shape shows a decreasing
trend with the increase in natural slope. Secondly, the natural slope of 15° is the key point of
the abrupt change in soil erosion intensity on the loess slope of the coal mining subsidence
area in northern Shaanxi under the annual erosion rainfall scale. Thirdly, under the scale
of annual erosion rainfall, the increase in the slope gradient has a positive effect on the
increase in the soil erosion modulus, and the decrease in the slope length has a negative
effect on the increase in the soil erosion modulus. The contribution of the slope increase
was 92.9%, and the contribution of the slope length decrease was 7.1%. Therefore, the
increase in the slope is the main factor of the increase in the soil erosion modulus.

(2) The variation characteristics of soil erosion modulus under the same natural slope
angle According to Table 4, the curve of the soil erosion modulus increment of and the
increase in the linear, concave, convex, and composite loess slopes with the same natural
slope after coal mining subsidence under the annual erosion rainfall scale is drawn; this is
shown in Figures 10 and 11.
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Figure 10. The curve of soil erosion modulus increment after full mining under CSLE model.
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Figure 11. The curve of soil erosion modulus increase after full mining under CSLE model.

It can be seen from Figures 10 and 11 that under the same natural slope, the influence
of coal mining subsidence on the soil erosion modulus of the linear, concave, convex, and
complex loess slopes is different. Specifically:

First, under the condition of full mining, when the natural slope is [5°, 15°), the
average increase in the soil erosion modulus of the linear, concave, convex, and composite
loess slopes is 10.99%, 9.33%, 12.11%, and 9.74%, respectively. Among them, the increase
in the soil erosion modulus of the convex loess slope is the largest, which is 1.10 times,
1.30 times, and 1.24 times of that of the linear, concave, and composite loess slopes. When
the natural slope is [15°, 45°], the average increase in the soil erosion modulus of the linear,
concave, convex, and composite loess slopes is 9.60%, 6.25%, 4.64%, and 3.98%, respectively.
Under the same slope condition, there is no significant difference in the increase in the
soil erosion modulus among the four slopes. It can be seen that under the annual erosion
rainfall scale, coal mining subsidence has the most significant effect on the increase in the
soil erosion modulus of the convex loess slope with slope < 15°.

4.3.2. Soil Erosion Effect Under Typical Field Erosion Rainfall Scale

(1) The variation characteristics of soil erosion modulus under the same natural
slope shape

According to Table 4, the average increment of and average increase in the soil erosion
modulus of the loess slope with the same natural slope shape after coal mining subsidence
were compared under the typical rainfall scale of erosion, as shown in Figure 12.
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Figure 12. Under three typical rainfall conditions, the average increment of and average increase in

soil erosion modulus after full mining are compared.

From Figure 12, it can be seen that coal mining subsidence will lead to an increase in

soil erosion modulus on loess slopes under all slope shape and rainfall conditions, and the

smaller the natural slope, the greater the increase in soil erosion modulus. Specifically:
Firstly, under the condition of full mining, when the natural slope is [5°, 25°], the
average increase in the soil erosion modulus of the linear, concave, convex, and composite
loess slopes under three typical erosive rainfall conditions is 8.80%, 9.60%, 8.88%, and
9.11%, respectively, and the increase in the soil erosion modulus is the largest when the
natural slope is 25°, which is 3.93 times, 4.85 times, 4.00 times, and 4.13 times that of the
increase in the soil erosion modulus when the natural slope is 5°. When the natural slope is

(25°, 35°], the average increase in the soil erosion modulus of the linear, concave, convex,
and composite loess slopes under three typical erosive rainfall conditions is 5.44%, 6.28%,
5.52%, and 5.64%, respectively. The average increment of the soil erosion modulus of the

loess slopes with any slope shape in this natural slope range is not much different from that
of the natural slope of 25°, and the average increment is not more than 1.5 t-hm~2. When
the natural slope is (35°, 45°], the average increase in the soil erosion modulus of the linear,

concave, convex, and composite loess slopes under three typical erosive rainfall conditions

is 3.82%, 4.19%, 3.73%, and 3.79%, respectively. In this natural slope range, the average

increase in the soil erosion modulus of the loess slope with any slope shape is slightly lower
than that of the natural slope of 35°, and the average decrease is not more than 3.9 t-hm~2.
Secondly, according to the data of the slope increase, slope length decrease, and

soil erosion modulus increase of the loess slope in the different models, the quantitative

relationship between the soil erosion modulus increase (Ry,) and slope increase (R;) and
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slope length decrease (R;) under a typical erosion rainfall scale was constructed by using
the multiple linear fitting method, as shown in Equation (10).

Ry, = 1.007Rs — 0.279R; + 0.644 R* = 0.9325 (10)

In the formula: Rp;,—The increase in soil erosion modulus under typical field erosion
rainfall scale, %; Rs—Slope gradient increase, %; R;—Slope length decrease, %.

It can be seen, firstly, that under the typical rainfall scale of erosion, the increment
of the soil erosion modulus of the loess subsidence slope with an arbitrary slope shape
increases first and then decreases with the increase in the natural slope. Secondly, the
natural slope of 25° is the key point of the abrupt change in soil erosion intensity on the
loess slope in the coal mining subsidence area of northern Shaanxi under the typical erosion
rainfall scale. Thirdly, under the typical rainfall scale of erosion, the increase in slope
and the decrease in slope length have a positive effect on the increase in the soil erosion
modulus. The contribution of the slope increase is 79.1%, and the contribution of the slope
length decrease is 20.9%. Therefore, the increase in the slope is the main factor of the
increase in the soil erosion modulus.

(2) The variation characteristics of soil erosion modulus under the same natural
slope angle

According to Table 4, the curves of the average increment of and average increase in
the soil erosion modulus of the linear, concave, convex, and compound loess slopes with
the same natural slope after coal mining subsidence under a typical rainfall scale are drawn,
as shown in Figures 13 and 14.
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Figure 13. Under three typical rainfall conditions, the average increment curve of soil erosion modulus.
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It can be seen from Figures 13 and 14 that under the same natural slope and three
typical rainfall conditions, the influence of coal mining subsidence on the soil erosion
modulus of the linear, concave, convex, and complex loess slopes is different. Specifically:

First, under the condition of full mining, when the natural slope is [5°, 15°), the
average increase in the soil erosion modulus of the linear, concave, convex. and composite
loess slopes under three typical rainfall conditions is 10.01%, 10.63%, 9.92%, and 10.33%,
respectively. In this slope range, the average increase in the soil erosion modulus of the
concave and composite loess slopes did not change significantly, and the increase value was
below 0.8%. When the natural slope is [15°, 45°], the average increase in the soil erosion
modulus of the linear, concave, convex, and composite loess slopes under three typical
rainfall conditions is 9.63%, 6.85%, 4.59%, and 3.18%, respectively. In this slope range, the
average increase in the soil erosion modulus of the loess slopes under different slope shapes
is concave slope > composite slope ~ linear slope ~ convex slope. It can be seen that under
the typical rainfall scale of erosion, the influence of coal mining subsidence on the average
increase in the soil erosion modulus on the concave loess slope is the most obvious.

5. Discussion
5.1. Effects of Slope Gradient on Stability and Deformation of Loess Slope

Slope gradient is closely related to slope stability, and it is generally believed that the
greater the slope, the worse the stability of the slope. Kokutse et al. [49] pointed out that
the effect of the slope on slope stability is primarily achieved by altering the cohesion of
the soil, and that different slopes play a crucial role in the variation in the safety factor.
Zhang et al. [50] found that the slope gradient is closely related to stability. The unstable
slope gradient is mostly concentrated above 35°, and the increase in slope gradient will
change the stress distribution and reduce the slope safety factor. Zhu Boliang et al. [51]
quantitatively calculated 76 loess slope models through the geotechnical slope stability
analysis system. The results show that the increase in slope significantly reduces the
stability coefficient of the loess slope, especially when the slope is less than 55°, the slope
stability coefficient decreases sharply. Katz et al. [52] studied the negative effects of slope on
slope stability and deformation from the perspective of numerical simulation and verified
that the larger the slope, the larger the slope movement size, which in turn leads to the
worse slope stability. Haijun Qiu et al. [53] used a combination of remote sensing images
and field surveys. This study revealed the complex relationship between slope and slope
movement size and further explained the influence of slope on loess slope deformation. Xi
et al. [54] extracted the slope information of a coal mining subsidence area by using the
digital image and multi-period digital elevation model (DEM) obtained by UAV and found
that coal mining subsidence would lead to the overall increase in surface slope. Based on
the law and model of mining subsidence, Huang et al. [55] studied the change in loess
slope in a coal mining subsidence area through digital elevation model analysis and remote
sensing image processing technology and found that coal mining subsidence led to the
shortening of the surface slope length factor. This finding and the results of this study
show that coal mining subsidence not only leads to the increase in surface slope, but also
causes the shortening of slope length, which affects the change in slope morphology. In
addition, this study also found that with the increase in the natural slope of the loess slope,
the increase in the slope of the slope after the subsidence also increases, while the decrease
in the slope length is relatively reduced, which provides a new research direction for the
in-depth study of the law of slope movement and deformation in the subsidence area after
coal mining.
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5.2. Influence of Slope Shape on the Stability and Deformation Characteristics of Loess Slopes

The influence of slope shape on slope stability is still controversial in academia. Tang
et al. [56] deeply explored the influence of different slope shapes on the stability of soil
slopes through seismic simulation shaking table tests. The results show that the slope
shape has a significant effect on the stability and deformation of the slope. The PGA (peak
ground acceleration) amplification coefficient of the concave slope at the turning point of
the slope is significantly higher than that of the convex slope and the straight slope, which
makes the concave slope more prone to damage and deformation. Huang et al. [57] further
confirmed the importance of slope shape to the stability and deformation of the loess slope
through the combination of a small shaking table test and FLAC3*Pnumerical simulation.
Their study found that under dynamic loading, convex slopes are more prone to instability,
while concave slopes show stronger stability. In addition, Sharma et al. [58] revealed the
phenomenon whereby the pore water pressure of the concave slope increased under the
action of precipitation through three-dimensional numerical simulation, which led to a
significant increase in slope deformation and an increase in landslide risk, once again
highlighting the important influence of slope shape on slope stability. On the other hand,
Gao ] et al. [59] found that the concave slope with a medium height and steep slope is more
likely to move and deform by using the method of remote sensing interpretation, which
provides new evidence for the influence of slope shape on slope stability. This study reveals
the close relationship between slope shape and slope under the special dynamic load of coal
mining subsidence. Specifically, under the influence of the same coal mining subsidence,
when the natural slope does not exceed 5°, the convex slope shows the largest movement
deformation; when the natural slope exceeds 5°, the deformation of the concave slope
becomes the most significant. This finding provides a new perspective for understanding
the stability and deformation characteristics of the surface loess slope in the coal mining
subsidence area.

5.3. Influence of Coal Mining Subsidence on Soil Erosion

The surface movement and deformation caused by coal mining subsidence will signifi-
cantly change the original topography of the region, where the change in slope shape (slope
gradient and slope length) is the most prominent. Slope and slope length characteristics
are the key topographic factors affecting slope soil erosion, which has been the general con-
sensus in the field of soil and water conservation [60]. Slope gradient has been repeatedly
studied and confirmed as a key topographic factor affecting slope runoff and soil erosion.
Farhan Y [61] studied the correlation between soil erosion and the topographic unit and
slope in a watershed in northern Jordan. It was found that the soil erosion intensity on the
slope was highly correlated with the slope, especially in the slope of 15-25°. The intensity
of soil erosion on the slope was significantly enhanced; Xu Zhenjian et al. [62] carried out
indoor experiments on loessial soil in the Loess Plateau and adjusted the experimental soil
bin to three slopes of 5%, 10°, and 20°. The study found that the slope can affect the total
runoff and soil erosion by affecting the runoff. Under the condition of rainfall intensity of
1.5 mm min !, the total erosion amount of the slope reached the maximum when the slope
was 10°; Huang Jun et al. [63] conducted rainfall experiments on the typical red soil hilly
area in the upper reaches of the Hanjiang River in the Pearl River Basin and used the PI10
index algorithm to calculate the rainfall erosion of each rainfall event. The study found that
the soil erosion modulus variable and the slope under the condition of rainfall increased
first and then decreased, and the critical slope value was about 10.75°. By selecting the
typical small watershed of Qilong Bay in the middle and upper reaches of the Yellow River
Basin as the research area, and based on the observation data of 10 runoff plots from 2008
to 2016, Wang Min et al. [64] analyzed that the amount of soil erosion increased with the
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increase in slope, and the amount of soil erosion was the largest when the slope was 30°.
The above research results are highly consistent with the results of the study on the increase
in slope gradient caused by coal mining subsidence under the scale of annual erosion
rainfall and the scale of typical field erosion rainfall, which leads to the increase in the slope
soil erosion modulus. It can be seen that no matter what the slope shape is, the greater
the influence of the same coal mining subsidence on the loess slope with larger natural
slope, the more obvious the change in slope after subsidence and the resulting change in
soil erosion intensity on the slope.

As another important topographic factor, the effect of slope length on soil erosion
is controversial. Liu Ran et al. [65] took the loess slope of Ansai in the loess hilly and
gully region as the research object and studied the law of runoff and sediment yield on
the loess slope under the two slope lengths of 5 m and 10 m through the indoor artificial
simulated rainfall test. The results show that the increase in slope length will increase the
rain-bearing area of the slope, resulting in an increase in the runoff rate per unit width
and a corresponding increase in the total sediment yield. Therefore, the slope length and
the slope erosion amount show a significant positive correlation. Based on the runoff and
sediment yield data of eight runoff plots in Longfengling Soil and Water Conservation
Science and Technology Demonstration Park in Mentougou District of Beijing from 2005
to 2009, Liu Dong et al. [66] concluded that slope length had a significant effect on runoff
and sediment yield per unit area in a small runoff area and that the amount of soil erosion
would increase with the increase in slope length. However, Kinnell [67] found that the
slope length below 1 m has the effect of increasing soil erosion intensity through the rainfall
erosion test of the plot below 10 m and the WEPP rill erosion model. However, with the
increase in slope length, the energy of slope flow decreases, which leads to a decrease in
soil erosion intensity. Based on the data of soil and water conservation monitoring points
in Shigiao small watershed, Gao et al. [68] studied the effect of slope length on soil erosion
in karst slope farmland. The study showed that the soil erosion modulus increased with
the increase in slope length when the rainfall was greater than 30 mm, and the soil erosion
modulus increased sharply and then decreased with the increase in slope length when the
rainfall was less than 30 mm. Gu Zhijia et al. [69] quantitatively analyzed the soil erosion
status of Baiquan County by using the Chinese soil loss equation CSLE. The study found
that with the increase in slope length, the soil erosion modulus generally showed a trend
of increasing first and then decreasing, and the slope length of 100~200 m contributed the
most to erosion. The above research results are basically consistent with the research results
in this paper, which show that the decrease in the slope length of the surface loess slope
caused by coal mining subsidence affects the increase in the slope soil erosion modulus.
More interestingly, the effect of slope length reduction caused by coal mining subsidence
on soil erosion under the annual erosive rainfall scale and the typical field erosive rainfall
scale is manifested as a mitigation effect and an aggravation effect, respectively, and these
two effects are mainly concentrated on the loess slope with a natural slope of 15-25°. This
enriches and deepens the scientific understanding of the soil erosion effect caused by the
change in slope length of the surface loess slope in the coal mining subsidence area.

Although this study provides valuable insights into the effects of coal mining subsi-
dence on loess slope morphology and soil erosion, there are still some aspects worthy of
further exploration in the future. First of all, this study focuses on the law of action in the
process of mining subsidence and fails to obtain sufficient measured data for verification.
In the future, the research will strengthen the collection of field data, especially in the field
survey and soil erosion monitoring in the mining subsidence area, to further verify the
prediction results of the model. Secondly, the numerical model used in the study is based
on certain assumptions, such as soil uniformity and linear physical properties. However,
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the actual soil may have complex nonlinear and heterogeneous characteristics, which may
affect the simulation results. Future studies can consider using more complex models and
incorporating more changes in geological and soil properties to improve the accuracy and
reliability of simulations. Finally, this study mainly focuses on the immediate or short-term
impact of coal mining subsidence. This is based on the fact that high-intensity underground
coal mining can cause a large-scale rock movement in the subsidence area in a short period
of time and spread to the surface, significantly changing the original topography (the shape
of the surface slope), which in turn has a profound impact on the characteristics and basic
laws of soil erosion on the slope of the subsidence area. The coal mining subsidence in the
Yellow River Basin generally takes 3—6 months from occurrence to basic stability, and it can
reach complete stability in about 12 months. In such a short period of time, soil erosion
factors such as precipitation and soil and water conservation measures will not change
significantly. Although soil erosion factors such as soil and vegetation will deteriorate to
a certain extent under the significant change in topographic factors, the impact on soil
erosion will take a long time to appear. In view of this, the significant change in loess slope
morphology caused by coal mining subsidence in the short term has become the main
controlling factor of soil erosion intensity, which is also the focus of the study. However,
long-term effects (such as vegetation regeneration, soil compaction, and climate change) are
indeed important factors after coal mining subsidence. Future research can further explore
these long-term effects and assess their role in the longer term after coal mining subsidence.

6. Conclusions

(1) Coal mining subsidence will lead to the increase in the slope of the loess slope, and
the smaller the natural slope, the greater the increase in slope. Under the same natural
slope, ‘concave loess slope with natural slope of 15°” is the most sensitive to coal mining
subsidence. It can be said that the natural slope of 15° is the key dividing point for the
transformation of the sensitive slope shape of the loess slope in the coal mining subsidence
area of northern Shaanxi.

(2) Coal mining subsidence will lead to the decrease in slope length of the loess natural
slope, and the smaller the natural slope, the greater the decrease in slope length. Under the
same natural slope, the slope length of the concave loess slope is always the largest, and
the influence of coal mining subsidence on the slope length of the concave loess slope is
the most significant. In addition, the natural slope of 25° is the key point of the sudden
change rate of the slope length of the loess slope in the coal mining subsidence area of
northern Shaanxi.

(3) Coal mining subsidence will lead to the increase in soil erosion modulus on the
loess slope, and the smaller the natural slope, the greater the increase in the soil erosion
modulus. In addition, when further analyzing the soil erosion intensity of the loess slope
in the coal mining subsidence area of northern Shaanxi, we found two key natural slope
thresholds. Under the scale of annual erosion rainfall, the 15° slope became the boundary
point for the significant change in soil erosion intensity. Under the typical erosion rainfall
scale, the slope of 25° is the key point of the abrupt change in soil erosion intensity.

(4) For the loess subsidence slope with any slope shape, the increase in slope gradient
is the main factor of the increase in the soil erosion modulus. Under the annual erosion
rainfall scale, the increase in slope had a significant positive effect on the increase in the
soil erosion modulus, and the contribution rate was as high as 92.9%, while the decrease in
slope length showed a weak negative effect. Under the typical erosion rainfall scale, the
increase in slope and the decrease in slope length have a positive effect on the increase in
the soil erosion modulus, but the increase in slope is still the dominant factor.
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7. Recommendations and Future Actions

This study focused on the northern Shaanxi mining area in the middle reaches of the
Yellow River. Considering the unique geological structure, climatic conditions, and coal
mining practices in this area, the study revealed the impact of coal mining subsidence on
loess slope morphology (such as slope and slope length) and the soil erosion modulus,
which provided valuable basic data for further understanding the soil erosion process in
coal mining subsidence areas. Although the conclusions of this study are mainly based
on the specific conditions of the mining area in northern Shaanxi, the research results can
be popularized by appropriately adjusting the model parameters, which can provide a
reference for the study of coal mining subsidence in other areas. Future research should
further verify the applicability of these conclusions in different regions and explore how
to optimize the model according to the differences in geological, climatic, and mining
conditions, so that it can be widely used in other mining areas. However, there are still
some key factors that have not been explored, and future research can be further studied
via the following aspects:

(1) The influence of coal mining subsidence on other geomorphological features.

Although this study focuses on the changes in slope gradient and slope length after
coal mining subsidence, future research can consider the influence of coal mining subsi-
dence on slope aspect, curvature, and surface roughness. These factors have a potential
impact on the change in slope morphology and soil erosion, especially in coal mining
subsidence areas, where the change in surface morphology may be more complex. There-
fore, future research can combine remote sensing technology, GIS tools, and field surveys
to further analyze the impact of these geomorphological factors on soil erosion, thereby
providing a more comprehensive scientific basis for soil and water conservation measures
in coal mining subsidence areas.

(2) Soil erosion characteristics of slope after coal mining subsidence under differ-
ent conditions

Although this study analyzed multiple slopes (5°, 15°, 25°, 35°, 45°) through numerical
simulation and obtained 15° and 25° slope angles as key critical points for soil erosion
and slope stability, different slope angles may have different performances under different
conditions. Especially in some specific precipitation patterns, geological conditions, or
climatic conditions, the influence of slope on soil erosion may show different trends. The
steeper slope may lead to higher soil erosion when the precipitation intensity is greater,
while the gentler slope may have a significant effect on soil erosion under other conditions.
Therefore, future research should further explore the influence characteristics of different
slope angles under changing climate, precipitation, and soil conditions and identify other
possible critical values or turning points, so as to provide a more comprehensive scientific
basis for the optimization of soil and water conservation measures.

(3) Soil erosion characteristics of slope after coal mining subsidence under long-
term effects

Long-term effects (such as vegetation regeneration, soil compaction, climate change,
etc.) are undoubtedly important factors affecting coal mining subsidence. Over time,
factors such as vegetation restoration, soil compaction, and climate change will change
surface morphology, further exacerbating slope stability and soil erosion rates. Especially
in the process of vegetation restoration, if the recovery speed is slow or the climate change
is intensified, the slope stability may be further reduced, and the soil erosion problem may
be more serious. Therefore, future research can further explore these long-term effects,
assess their role in the longer term after coal mining subsidence, and consider how to
take effective soil and water conservation measures on a long-term scale to mitigate these
effects.
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Abstract

Silica fume-based geopolymer composite coatings, an approach to using metallurgical
solid waste, exert flame retardancy with ecological, halogen-free, and environmentally
friendly advantages, but their fire resistance needs to be improved further. Herein, a silica
fume-based geopolymer composite flame-retardant coating was designed by doping boric
acid (BA), zinc phytate (ZnPA), and melamine (MEL). The results of a cone calorimeter
demonstrated that appropriate ZnPA and BA significantly enhanced its flame retardancy,
evidenced by the peak heat release rate (p-HRR) decreasing from 268.78 to 118.72 kW-m—2,
the fire performance index (FPI) increasing from 0.59 to 2.83 s:m?-kW~!, and the flame retar-
dancy index increasing from 1.00 to 8.48, respectively. Meanwhile, the in situ-formed boron
phosphate (BPOy) facilitated the residual resilience of the fire-barrier layer. Furthermore, the
pyrolysis kinetics indicated that the three-level chemical reactions governed the pyrolysis
of the coatings. BPO, made the pyrolysis E climb from 94.28 (P5) to 127.08 (B3) kJ-mol !
with temperatures of 731-940 °C, corresponding to improved thermal stability. Conse-
quently, this study explored the synergistic flame-retardant mechanism of silica fume-based
geopolymer coatings doped with ZnPA, BA, and MEL, providing an efficient strategy for
the high-value-added recycling utilization of silica fume.

Keywords: flame retardancy; zinc phytate; boric acid; silica fume; boron phosphate

1. Introduction

Wood is a biological material that has been widely used in the fields of decora-
tion, architecture, and furniture because of its renewable, environmental, and abundant
resources [1,2]. However, wood is highly flammable [3], and its extensive use in daily life
inevitably holds fire risk. The most direct and effective method to mitigate this risk is
by brushing flame-retardant coatings on its surface [4], which minimizes the fire risk of
flammable materials, benefits personnel evacuation and rescue, and reduces fire losses.
Building coatings with environmental protection, ecology, low toxicity, and efficient fire
resistance have become an important direction for the research and development of flame-
retardant coatings.

Recently, inorganic geopolymer has emerged as a promising candidate for flame-
retardant coatings due to its durability, halogen-freeness, environmental friendliness,
and low-cost advantages [5,6]. Silica fume is a metallurgical by-product [7] with high

Minerals 2025, 15, 735 https://doi.org/10.3390/min15070735
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emissions but low utilization efficiency that has been used as a flame-retardant coating.
Shahidi et al. [8] investigated the flame retardancy of an intumescent flame retardant en-
hanced by silica fume and graphene oxide/talc. However, silica fume-based geopolymer
coatings exhibit certain limitations in practical applications, such as insufficient flame
retardancy [9] and low residual structural strength [10], failing to protect plywood effec-
tively. Therefore, it is necessary to optimize its flame retardancy through a synergistic
flame-retardant mechanism.

Currently, one of the most commonly used flame retardants is melamine (MEL) due to
its lower cost and non-toxicity during combustion, without secondary pollution. During
combustion, the MEL takes away heat and releases N, NH3, and other non-flammable
gases, diluting the concentration of O, and toxic gases. However, the flame retardancy
of composite coating is not effectively improved by adding MEL alone. In recent years,
numerous flame-retardant systems consisting of a variety of materials have been devel-
oped to seek synergistic flame-retardant effects [11,12]. For instance, combinations such as
phosphorus/boron [13] and phosphorus/boron/nitrogen [14] have been demonstrated to
achieve synergistic flame retardancy. Zhang et al. [15] improved the thermal stability and
flame retardancy of furfurylated wood by introducing a multifunctional catalyst system
comprising BA and ammonium dihydrogen phosphate. Huo et al. [16] incorporated hyper-
branched oligomer-containing phosphorus/nitrogen/boron (BDHDP) in epoxy resin (EP),
achieving a UL-94 V-0 level with 1.5 wt.% doped BDHDP. Consequently, it is a good
strategy to seek a multi-element synergistic effect for improving the flame retardancy of
geopolymer coatings.

Zinc phytate (ZnPA) is formed by chelating phytic acid and zinc ions, serving as an eco-
friendly and efficient flame retardant due to its high phosphorus content [17]. Phosphorus-
containing flame retardants facilitate catalytic charring and combustion prevention and
generate phosphorus radicals capable of capturing active radicals, thereby quenching the
combustion chain reaction [18]. Zhang et al. [19] used Zn%* jons in ZnPA to chelate with
components such as dopamine, DOPO, and fly ash, preparing an organic-inorganic hybrid
flame-retardant coating. In this sense, ZnPA could form a zinc ion chelate cross-linked
structure with the silica fume-based geopolymer to enhance the stability and continuity of
the residues during fire.

Additionally, boric acid (BA) is another flame retardant widely used across various
industries; it acts as an effective flame-retardant by forming a protective BoOj3 glassy layer
during combustion, which shields material from oxygen and heat [20]. Savas et al. [21]
investigated the impact of zinc borate (ZnB) on the thermal and flame retardancy of
polyamide 6 (PA6) composites containing aluminum hypophosphite (AIHP), where the
as-formed BPO, enhanced the flame retardancy. Therefore, the synergism between BA and
ZnPA could further form a zinc-chelated silicon phosphorus boron composite structure
within the silica fume-based geopolymers during combustion in theory, thereby enhancing
the flame retardancy.

Consequently, this research designed flame-retardant coatings integrating silica fume-
based geopolymer with ZnPA /BA /MEL, characterized by X-ray diffraction (XRD), a cone
calorimeter (CC), and scanning electron microscopy (SEM), respectively. It demonstrates
that in situ-formed BPOy significantly enhances the residue strength and improves the flame
retardancy of the condensed phase. Generally, the novelty of this thesis is in proposing a
recycling strategy for high-value-added utilization of silica fume, probing the synergistic
flame-retardant mechanism of ZnPA /BA /MEL-containing silica fume-based geopolymer
coatings, and exploring the design of a halogen-free Si-P-N-C multi-element composite
flame retardant system.
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2. Experiment and Methods
2.1. Raw Materials

The silica fume was a gray powder with a SiO; content > 86 wt.% (mass percentage
concentration), a density of 1.62 g/ cm?, and a Blaine-specific surface area of 25 m?/ g, pur-
chased from Xi’an LinYuan company (Xi’an, China). ZnPA was procured from Guangzhou
Jiale Chemical company (Guangzhou, China). Melamine (MEL) was obtained from Wuxi
Yatai United Chemical company (Yantai, China). BA was supplied by Zhengzhou Del Boron
Chemical company (Zhengzhou, China). Analytically pure polyacrylamide (PAM) was
purchased from Tianjin Fuchen chemical reagent factory (Tianjin, China). Analytical pure
sodium silicate (Na;SiO3-9H,0) was purchased from Sinopharm chemical reagent com-
pany (Jinan, China). Potassium hydroxide (KOH) was purchased from Hongyan chemical
reagent company (Tianjin, China). The silane coupling agent (KH-550, CAS no.: 919-30-2)
was provided by Shandong Yousuo chemical technology company (Jinan, China). Poly-
dimethylsiloxane (PDMS) was purchased from Dongguan Tianyu chemical company (Dong-
guan, China). The plywood was supplied by the timber processing plant of Xi’an in China
with secondary flame retardancy.

2.2. Preparation of Geopolymer Composite Coating

Figure 1 illustrates the preparation steps of silica fume-based geopolymer composite
coatings via the multi-step sol-gel method. Firstly, 0.5 g KH-550, 1 g MEL, and varying
dosages of ZnPA were dissolved in 15 g of water, according to our previous research [22],
as shown in Table 1. Magnetic stirring at 700 r-min~—! at 60 °C was applied for pretreating
ZnPA for approximately 30 min.
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Figure 1. The preparation diagrams of the geopolymer composite coatings.

Secondly, 14.21 g Na,SiO3-9H,0, 5.61 g KOH, 30 g silica fume, and 30 g water were
poured into another glass beaker [22]. The silica sol mixture was obtained by 10 min of
stirring at 70 °C with 750 r-min~!. Then, a pretreated ZnPA solution was injected into
the silica sol and mixing was continued for another 20 min, with the speed increased to
1000 r-min~!.
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Table 1. The composition of coating samples.

Samples  Na,SiO3-9H,O/g KOH/g Silica Fume/g KH-550/g MEL/g  PAM/g  H,Olg PDMS/g  ZnPA/g BA/g
PO 14.21 5.61 30 0.5 1 0.2 45 0.25 0.48 0.0
P1 14.21 5.61 30 0.5 1 0.2 45 0.25 0.95 0.0
P2 14.21 5.61 30 0.5 1 0.2 45 0.25 1.43 0.0
P3 14.21 5.61 30 0.5 1 0.2 45 0.25 1.9 0.0
P4 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 0.0
P5 14.21 5.61 30 0.5 1 0.2 45 0.25 2.85 0.0
P6 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 0.0
B1 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 05
B2 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 1.0
B3 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 1.5
B4 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 2.0
B5 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 2.5
B6 14.21 5.61 30 0.5 1 0.2 45 0.25 2.38 3.0

Finally, PAM as a thickener and PDMS as an antifoaming agent were doped into
ZnPA /MEL-containing silica fume-based geopolymer coatings by stirring for 5 min. The
dosages of ZnPA were 0 g (0.0 wt.%), 0.48 g (0.5 wt.%), 0.95 g (1.0 wt.%), 1.43 g (1.5 wt.%),
1.9 g (2.0 wt.%), 2.38 g (2.5 wt.%), and 2.85 g (3.0 wt.%). Then, the as-formed composite
coating was covered evenly on the surface of the plywood (100 x 100 x 5 mm?) 3 times
with an interval of about 20 min.

Based on the results of the ZnPA-containing geopolymer coatings, further addition of
BA was carried out to prepare BA/ZnPA /MEL-containing silica fume-based geopolymer
composite coatings. The preparation process was identical to that of the ZnPA-containing
coating, as shown in Figure 1B. The dosages of BA were 0.5 g (0.5 wt.%), 1.0 g (1.0 wt.%),
1.5 g (1.50 wt.%), 2 g (2.0 wt.%), 2.5 g (2.5 wt.%), and 3.0 g (3.00 wt.%). The samples with a
ZnPA dosage of 0.5 wt.%-3 wt.% were numbered as P1-P6. BA dosages of 0.5 wt.%—-3 wt.%
were referred to as B1-B6, respectively, and the coating without ZnPA or BA was denoted
as the control PO.

2.3. Characterizations
2.3.1. Flame Retardancy Testing

The combustion performance of the sample was assessed by a cone calorime-
ter (CC, Z2Y6243, Zhongnuo Instruments Company, Dongguan, China) according to
ISO 5660-1:2015 [23]. The irradiative heat flux of CC was 50 kW-m~2 (approximately
715 °C), with a distance between the coating and the ignition needle of 25 mm. The follow-
ing parameters were recorded in real time by CC, such as time to ignite (TTI, s), heat release
rate (HRR, kW-m~2), peak heat release rate (p-HRR, kW-m~2), time to p-HRR (Tp, s),
total heat release (THR, MJ-m~2), and weight loss (WL, g). Meanwhile, the following
four parameters were used to assess the flame retardancy of the sample. The fire growth
index (FGI) reflected the potential growth and intensity of a fire, which was calculated
by Formula (1). The fire performance index (FPI) evaluated the fire performance of the
materials, which was calculated by Formula (2). The average effective heat of combustion
(AEHC) was the ratio of THR to WL. The flame retardancy index (FRI) was used to quantify
the flame resistance of the materials, which was calculated by Formula (3). It was divided
into three grades: “FRI < 1”7, “1 < FRI < 10”, and “10 < FRI < 100”, which represented

Va7

“poor”, “good”, and “excellent” flame retardancy, respectively [22].

FGI = p_Tﬂ (1)
14
TTI
FP[ = ———— 2
p— HRR @
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p—HRR
THR % (W)Control (3)

)Composite

2.3.2. Microstructure Testing

Infrared spectra of the samples before combustion were captured in the spectral range
of 4000-500 cm ! by an infrared spectrometer Nicolet iS50 (Thermo, Singapore). The com-
position of the residual layer was analyzed by an X-ray diffractometer (D/MAX-2400) with
CuKy (A=1.54056 A) radiation at 40 kV and 40 mA within the range of 26 = 10~50°, with a
scanning step of 2°, which was preferentially ground into powder. The morphological struc-
tures of the barrier layer were observed using a scanning electron microscope (Gemini 500).
Each sample needed to be sprayed with gold before scanning electron microscopy to im-
prove the conductivity of the sample. Thermogravimetric analysis (TGA) of samples was
conducted by the Mettler (Germany) thermal-gravimetric analyzer, from 30 to 1000 °C at a
rate of 20 °C-min~! in a N atmosphere.

3. Results
3.1. Flame Retardancy of Samples

Figure 2a shows the HRR curve for the ZnPA-containing samples, which gradually
shifted to the right with the increasing content of ZnPA. When the ZnPA dosage was 2.38 g,
p-HRR exerted the lowest value, decreasing from 268.78 (P0) to 156.35 kW-m~2 (P5), and
Tp was delayed to 404 s, indicating that an appropriate ZnPA content imparted greater
flame retardancy. However, doping in excess of 2.85 g ZnPA led to a rise in p-HRR and
the early emerged peak at 144 s because the excess ZnPA accelerated the coating catalytic
decomposition and uneven dispersion in the coatings.

Figure 2a’ displays the HRR curve for the BA-containing samples. The HRR curve
decreased at first and then increased. Compared with P5, B3 exhibited a lower p-HRR
value of 118.73 kW-m~2 and Tp was delayed from 404 s to 440 s. When the BA content
exceeded 1.50 wt.%, p-HRR gradually rose, indicating that the excess BA led to a decrease
in the flame retardancy due to the uneven dispersion of the doped BA in the coatings.

Figure 2b,b’ show the smoke temperature of the samples, which gradually decreased
with the increasing ZnPA content, as shown in Figure 2b. Among these, P5 presented the
lowest smoke temperature, reaching a peak value of 88.66 °C at 438 s. This indicated that
the doped ZnPA gave enhanced flame retardancy to the composite coating. Regarding the
3.00 wt.% ZnPA-containing sample, the smoke temperature rose to 92.39 °C, corresponding
to poor flame retardancy. As shown in Figure 2b’, B3 displayed the lowest smoke tempera-
ture at 494 s, decreasing from 88.66 (P5) to 84.68 °C. This was attributed to BA dehydrating
during combustion, which had an endothermic and cooling effect. However, samples with
a BA content exceeding 1.50 wt.% exhibited a higher smoke temperature in comparison to
that of B3. The smoke temperature increased with the increasing BA content, which was
completely consistent with the results of HRR.

Figure 2¢,c’ present the residual weight value of the samples under an externally
constant heat flux of 50 kW-m~2. The lowest final residual weight was observed for PO
(35.29%). As the content of ZnPA increased, the residual weight also increased. P5 displayed
the maximum final residual weight of 46.09% at 600 s, indicating that the incorporated ZnPA
caused the composite coating to have a reduced weight loss rate. As shown in Figure 2¢’,
the residual weight increased and then dropped with the increasing BA dosage. Compared
to P5, B3 exhibited a lower weight loss of 50.97% at 650 s. The residual weight decreased
sequentially for B4, B5, and B6, indicating that a higher BA content was detrimental to
improving the flame retardancy of the composite coating.
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Figure 2. Flame retardancy of samples including HRR in (a) and (a’), smoke temperature in (b)
and (b’), and residual weight in (c) and (c’), respectively.

Table 2 summarizes the combustion parameters of the samples. The doped ZnPA
and BA extended the TTL. Among all samples, B3 exhibited the longest TTI of 336 s and
the highest flame retardancy, evidenced by the highest FPI of 2.83 s:-m?-kW~! and the
lowest FGI of 0.27 kW-m?-s~!. FRI was 8.48, indicating a ‘good’ flame retardant grade
compared to P0. Conversely, when the content of BA exceeded 1.50 wt.%, the parameters
exhibited a contrary trend. For instance, the TTI of B5 shrank to 318 s compared to B3, the
FPI declined to 2.48 s-m2-kW~1, and FGI climbed to 0.29 kW-m~2-s~! with the lower FRI
of 7.48, corresponding to diminished flame retardancy. Therefore, the appropriate amount
of doped ZnPA and BA generated synergism, leading to the formation of a dense and
resilient siliceous layer, corresponding to enhanced flame retardancy.

Table 2. Combustion parameters of samples in CC.

Samples TTI/s Tp/s  p-HRR/kW-m~—2 FPI/sm?>kW-1  FGU/kW-m 251 WL/g THR/MJ-m 2 AEHC/KkW kg1 FRI
PO 158 314 268.78 0.59 0.86 30.93 36.67 1.19 1.00
P1 219 308 242.31 0.90 0.79 29.16 31.27 1.07 1.80
P2 201 319 234.90 0.86 0.74 29.93 35.93 1.20 1.49
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Table 2. Cont.

Samples TTI/s Tp/s  p-HRR/kW-m~—2 FPI/sm?kW-1  FGI/kW-m-2s-1 WL/g THR/MJ-m2 AEHC/kW kg1 FRI
P3 232 321 223.93 1.04 0.70 26.04 27.92 1.07 2.31
P4 205 364 213.97 0.96 0.59 24.56 27.79 1.13 2.15
P5 228 404 156.35 1.46 0.39 27.12 27.79 1.02 3.27
P6 78 348 215.41 0.36 0.62 31.37 40.44 1.29 0.56
Bl 266 414 147.49 1.80 0.36 26.84 2242 0.84 5.02
B2 294 423 131.89 2.23 0.31 29.46 23.44 0.80 5.93
B3 336 440 118.72 2.83 0.27 24.30 20.83 0.86 8.48
B4 327 453 123.31 2.65 0.27 23.90 22.62 0.95 7.31
B5 318 443 128.29 248 0.29 25.01 20.68 0.83 7.48
B6 260 431 159.23 1.63 0.37 26.51 27.63 1.04 3.69

3.2. FTIR Spectra of Samples

Figure 3 presents the obtained FTIR spectra of the composite coatings before burning.
The wide peak at 3398 cm~! was assigned to stretching vibrations of -OH and N-H [24].
Among them, -OH was mainly derived from geopolymer and BA and N-H were mainly
derived from MEL. The broad peak at 1600 cm~! was assigned to the C=N absorption peak
of the triazine ring [25]. The asymmetric vibrations of the Si-O-Si bond were detected at
1120 cm ™!, whereas the symmetric vibrations were located at 765 cm ! [26], attributed
to the hydrolysis of silane coupling agents and alkali-activated geopolymer sols. P-O-C
symmetric vibrations occurred at 980 cm ! [27]. After the addition of BA, the absorption
peaks of the B3 and B6 samples at 617 cm ™! showed a strengthening, attributed to the
deformation vibration of the atoms in the B-O bond in BA [28,29]. Generally, the spectra
of samples exhibited similar curves without obvious differences, except for the peaks at
980 cm ! and 617 cm~!. Although the dosage of ZnPA and BA was very low, presenting
tiny peaks, they could improve the flame retardancy, as evidenced by the results of the CC.
The specific reasons will be explained later in Section 4.
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Figure 3. FTIR spectra before burning.

3.3. XRD Analysis

Figure 4 depicts the X-ray diffraction (XRD) patterns of the raw materials. Figure 5
presents the XRD of the residual silica fume-based geopolymer coatings after combus-
tion. A broad hump observed between 15 and 35° at 20 suggested a high content of
amorphous silicates, which contributed to enhanced flame retardancy. Overlaid upon this
broad hump, discrete peaks corresponded to quartz (SiO,, PDF no. 46-1441, no. 04-0379),
graphite (G, PDF no. 05-0625), zinc metaphosphate (Zn(PO3),, PDF no. 01-0587), boric
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oxide (B,O3, PDF no. 46-1045), and boron phosphate (BPO,, PDF no. 12-0380). Notably,
the diffraction peaks at 29.12° and 40.56° were attributed to the hexagonal structure of
BPO4. However, peaks corresponding to melamine and its derivatives were not detected,
possibly due to their complete decomposition at high temperatures.
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Figure 4. XRD of raw materials.
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Figure 5. XRD of coating residues after burning.

Essentially, ZnPA decomposed into phosphoric acid and Zn(POs), while releasing
CO; through a dehydration process [17], as shown in reaction (4). Subsequently, the
partially generated phosphoric acid dehydrated into polyphosphoric acid, which then
further dehydrated into P,Os [30], as shown in reactions (5) and (6). BA underwent
dehydration at high temperatures, converting into B,O3 [31], as shown in reaction (7). The
generated P,Os further reacted with BoO3 and transformed into BPO, [32], as shown in
reaction (8), holding a high melting point of 1200 °C and excellent stability [33]. The XRD
analysis confirmed that the doped ZnPA and BA generated in situ reactions.

CeHgOnyPsZng — H3PO4 + ZTl(POg)Z + CO, + H,O (4)
nH3PO4 — H(POg)n + YleO (5)
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H(PO;;)H — nP,Os5 + H,O 6)
2B(OH), — By03 + 3H,0 @)
P,Os5 + BoO3 — 2BPOy (8)

3.4. Appearance

Figures 6 and 7 illustrate the appearance of the composite coatings before burning.
The coating without ZnPA and BA appears slightly whitened in Figure 6a. Because MEL
is an alkaline compound [34], it resulted in excessive alkali content on the coating. With
the increasing dosage of ZnPA, the whitening phenomenon diminished, as shown in
Figure 6b—g, and Figure 6f presents a flat and smooth surface. The excess ZnPA caused
a slightly rough surface, as shown in Figure 6g, due to its uneven dispersion. After the
addition of BA, the white powders were dispersed on the surface, as shown in Figure 7a—e.
This phenomenon became obvious with the increasing BA dosage. When the content of
BA reached 3.0 wt.%, a rough surface with white small particle aggregation appeared, as

shown in Figure Ze.
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Figure 6. Appearance of samples including (a) PO, (b) P1, (c) P2, (d) P3, (e) P4, (f) P5, and (g) Pé.
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Figure 7. Appearance of samples including (a) B1, (b) B2, (c) B3, (d) B4, (e) B5, and (f) Bé6.

3.5. Residual Appearance of Samples

All samples formed a siliceous layer [35], as shown in Figures 8 and 9. This layer
effectively inhibited flame propagation and trapped the transfer of heat and mass, thereby
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protecting the underlying plywood against complete combustion. As shown in Figure 8a,
the siliceous layer was inherently brittle and fragile. As shown in Figure 8b-e, the coating
hardly swelled with a low content of ZnPA.

Uneven ex- i Uneven ex-

pansion f pansion

Uneven ex-

pansion

Figure 8. Residual appearance of the sample in CC including (a) PO, (b) P1, (c) P2, (d) P3, (e) P4,
(f) P5, and (g) P6.

Uneven ex-

pansion

Figure 9. Residual appearance of the sample in CC including (a) B1, (b) B2, (c) B3, (d) B4, (e) B5, and (f) Bé.

The surface of the layer was unevenly convex, which affected the flame retardancy of
the samples and their heat release rate. A continuous swelling layer was observed with
the increasing content of ZnPA. Especially for the P5 in Figure 8f, the siliceous layer was
uniformly expanded, continuous, and intact, but small cracks could be observed on the
surface of the layer. When the content of ZnPA reached 3.0 wt.% in Figure 8g, cracks were
observed, which were averse to the formation of the intact layer.

However, the integrity of the siliceous layer gradually improved when the BA was
doped into the coatings, as shown in Figure 9a,b. The unbroken, smooth, and robust
homogeneous barrier layer was generated for B3 with the addition of 1.5 wt.% BA, as
shown in Figure 9¢c, and a smooth surface was observed, indicating that a resilient swelling
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siliceous layer was formed. When the BA content exceeded 1.5 wt.%, an inhomogeneous
barrier layer emerged, as shown in Figure 9d—f, leading to diminished flame retardancy.

3.6. SEM of Residues

Figure 10 illustrates the microscopic morphology (500 x and 2000 x ) of the residues
after the combustion of the composite coatings. Figure 10a,a’ reveal sparse fibrous barriers
covering the fractured and discontinuous siliceous layer. This layer was easily penetrated
by gases produced from pyrolysis and could not effectively prevent the transfer of heat
and flammable gases during firing.
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Figure 10. SEM of the surface of residues including (a,a’) PO, (b,b") P5, (¢,c’) P6, (d,d”) B3, and (e,e”") Bé6.
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When ZnPA was doped into the coating, as shown in Figure 10b,b’, dense fibrous
barriers appeared on the surface of the barrier layer, delaying flame propagation and
preventing volatile gases and small liquid molecules from entering the combustion zone.
When adding an excessive dosage of ZnPA, the coverage of the fibrous decreased, as shown
in Figure 10c,c’, which adversely affected the flame retardancy.

Figure 10d,d” show the formation of column-like BPO4 on the surface of the B3
siliceous layer. During combustion, BA and ZnPA decomposed into phosphate and borate,
respectively, which further reacted to form column-like BPO,. The integration of BPO4 with
the siliceous layer enhanced the quality of the barrier layer. Notably, BPOy typically adopts
a cristobalite-like structure [36]. According to our results, the formed BPO, exhibited a
column-like structure, a discrepancy that may stem from varying conditions during BPO4
crystal growth, leading to a diversity of crystal structures [37]. The column-like BPO4
increased the surface area of the siliceous layer, hindering heat transfer and protecting the
underlying plywood from combustion. Meanwhile, the porous surface of the barrier layer
facilitated the volatiles’ release into the surrounding air. However, an excess BA resulted in
reduced BPO, on the surface of the siliceous layer, exhibiting an irregular and amorphous
structure, leading to poor flame retardancy. Therefore, the appropriate amount of ZnPA
(2.5 wt.%) and BA (1.5 wt.%) led to the in situ formation of BPOy, enhancing the toughness
of the barrier layer, presenting higher flame retardancy.

3.7. Thermal Performance Analysis

According to the thermal performance analysis, 5% weight loss temperature (Tgs0,),
10% weight loss temperature (T4109,), 20% weight loss temperature (Tg9,), the initial
degradation temperature (Tj), the final degradation temperature (T¢), and the corresponding
maximum weight loss temperature (Tmax) and carbon residue rate of the samples are
expressed in Table 3. The comparison reveals that B3 had better thermal stability because
the reaction of ZnPA and BA formed BPO4 with high thermal stability [38], thereby blocking
the heat transfer further.

Table 3. Pyrolysis parameters of samples.

Samples 2 Tg50,/°C P Tyq00./°C € Tange/°C dT, T f T max/°C Char Residue/wt.%
PO 133.3 210.0 718.0 30 998.3 250.7 78.61
P5 151.3 243.7 774.3 30 999.3 245.0 78.40
P6 113.3 194.0 515.0 30 998.3 2443 76.81
B3 80.7 160.7 393.0 30 997.0 252.3 74.14
B6 125.0 243.0 721.3 30 999.0 258.7 77.64

@ Temperature of 5% weight loss (Tqs9, ). b Temperature of 10% weight loss (Tg199,). © Temperature of 20% weight
loss (Tgo09,)- ¢ Initial decomposition temperature (T;). ¢ Final decomposition temperature (Tf). f Temperature of
the maximum rate of weight loss (Tmax)-

Figure 11a shows the TGA curves for the geopolymer coatings, depicting temperature
variations at a constant heating rate of 20 °C/min. With the addition of ZnPA and BA,
continuous weight loss was observed in all samples during the heating process. This
may be attributed to the thermal decomposition of ZnPA, which produced phosphorus
compounds, accelerating the dehydration of the composite coatings [39]. The formation of
BPOy was catalyzed [40], prompting the decomposition of the siliceous layer, consequently
reducing the weight loss of the residues.

Figure 11b presents the DTG of the sample coatings. The whole pyrolysis process
could be categorized into four stages: (I) 30-198 °C, (II) 198-439 °C, (III) 439-731 °C, and
(IV) 731-1000 °C. In the first stage of 30-198 °C, weight loss was primarily attributed to
the loss of free water and bound moisture from the coating. In the temperature range of
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198-439 °C, the primary reactions involved the decomposition of ZnPA and MEL. MEL
released inert gases such as NHj [41]. ZnPA decomposed within this temperature range,
forming pyrophosphate, metaphosphate, and metal phosphate [42]. After adding BA, BA
dehydrated and formed vitreous boron oxide. The third stage occurred at 439-731 °C,
primarily due to the thermal decomposition of polyphosphoric acid and the formation of
the blocking layer. The final stage occurred between 731 and 1000 °C, mainly attributed
to the decomposition of the blocking layer and the formation of BPO,. Moreover, some
unreacted boride and pyrolysis products of ZnPA volatilized at high temperatures. In
summary, ZnPA and BA formed BPO; at high temperatures within the siliceous coatings,
improving the flame retardancy of the composite coating.
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Figure 11. TG/DTG curves of samples including (a) TG and (b) DTG.

3.8. Pyrolysis Kinetics

Pyrolysis kinetics evaluates a material that undergoes decomposition or chemical
reactions during heating to obtain the reaction mechanism, activation energy, and pyrolysis
kinetics parameters. Using the modified Coats—Redfern integral method, the thermal
decomposition kinetics of the coating were calculated using Formulas (9)-(13). A plot of the
In[G(ex)/T?] — 1/T relationship was generated. The activation energy E, and correlation
coefficient R? were obtained by the linear regression fitting of the curve.

fla)=(1-a)" ©)
Gla)=(1-a)? (10)
T~ FerEf@) ay
1n[GT<§‘)] — In( ;g) - % (12)
o= % (13)

n is the reaction order of combustion. A is the preexponent factor in units of min~!. g,
is the catalytic activation energy, measured in kilojoules per mole (kJ-mol~!). R is the
ideal gas constant, 8.3145 J-mol~1.K~1. B is the heating rate of 20 °C-min~!. T is the
thermodynamic temperature in units of K. o is the weight conversion rate of the sample
during pyrolysis, %. mg represents the initial mass of the sample. m; is the real-time mass
of the coating at time. m¢ corresponds to the final remaining mass.

By performing calculations and screening among the 29 commonly used mechanism
functions [43], a three-level chemical reaction model (F3) was chosen to plot the curves,
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In(G(a)/T2)

as illustrated in Figure 12. This meant that the reaction process could be controlled by

regulating reactant design, condition control, equivalence ratio, etc., and the doped ZnPA

and BA could affect the pyrolysis. The pyrolysis was mainly divided into the following
four stages, as shown in Table 4: (IV) 60-198 °C, (III) 198439 °C, (II) 439-731 °C, and
(I) 731-940 °C. Stage IV was mainly the volatilization of small molecular substances. In
comparison to P5, the E, of B3 decreased to 15.94 k]-mol~! in stage IIT and 16.04 kJ-mol !
in stage II. This was because the thermal decomposition of ZnPA and BA catalyzed the

thermal degradation and carbonization of the coating. The E, of B3 was 127.08 k]-mol ! in

the range of 731-940 °C, indicating that ZnPA and BA reacted with the geopolymer to form

a dense siliceous barrier layer with BPOy, preventing plywood from coming into contact

with air and enhancing the flame retardancy.
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Figure 12. Fitting pyrolysis kinetics of sample coatings including (a) P5, (b) B3, and (c) B6. (The red

lines are the fitted lines, the same to the black line in (b). The fitted lines cover the original curves).

Table 4. Kinetic parameters of samples calculated using F3.

Sample Temperature Intercept Slope Adj.R? Ex/k]J-mol—1

P5 60-198 °C —11.02 —190.19 0.95 1.58
198-439 °C —7.35 —1948.92 0.99 16.20
439-731 °C —6.13 —2800.53 0.95 23.28
731-940 °C 2.20 —11,339.87 0.94 94.28

B3 60-198 °C —10.40 —333.17 0.95 2.77
198-439 °C —7.19 —1916.77 0.99 15.94
439-731 °C —7.13 —1929.49 0.93 16.04
731-940 °C 591 —15,284.84 0.93 127.08

B6 60-198 °C 11.32 —61.67 0.94 0.51
198-439 °C —7.24 —2062.03 0.99 17.14
439-731 °C —7.15 —2172.26 0.98 18.06
731-940 °C 3.42 —12,986.68 0.91 107.98
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4. Discussion

In this research, an alkali-activated silica fume-based geopolymer coating was op-
timized by incorporating MEL, ZnPA, and BA to enhance its flame retardancy. Vari-
ous characterization techniques, including CC, XRD, SEM, and TGA, were employed
to analyze the coating. The results indicate that the optimal combination of BA and
ZnPA significantly improved the flame retardancy. The flame-retardant mechanism
of ZnPA/BA/MEL-containing silica fume-based geopolymer coatings is summarized
as follows.

Firstly, the condensation reactions and the formation of coordination bonds were
crucial in enhancing flame retardancy. During the combustion, a condensation reaction
occurred, which transformed Si[OH], into the Si-O-Si network structure [44], as shown
in reaction (14). This silicon network structure contributed to the heat dissipation of
the coating.

Secondly, zinc ions from ZnPA reacted with the Si-O-5i structure to form crosslinking
networks [45], as shown in reaction (15). This crosslinking enhanced the strength of the
residues [19]. Additionally, ZnPA enhanced flame retardancy by generating phosphorus-
containing free radicals that quenched the pyrolysis process [46]. The production of
phosphoric acid, polyphosphoric acid, and metal phosphates catalyzed the formation of
residual layers.

Furthermore, BA helped in reducing the surface temperature of the coating by pro-
ducing B,O3 and water. Furthermore, zinc ions and boron could enhance charring [47,48].
Moreover, MEL accelerated the production of polyphosphoric acid [49], releasing inert
gases, such as NHj. These gases diluted the combustible gases and O; in the vicinity,
reducing the combustion intensity.

s

oH OH _7si\o//5l\o//si—oﬂ
n HO—Si—OH + HO—Si—OH > (0] 3 (14)
OH OH -—'Si\o/sll\o/séi—OH
0.9 S
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Thirdly, the synergistic interaction between BA and ZnPA promoted the formation of
highly thermally stable BPO4. BPO4 formed a ceramic shielding layer atop the siliceous
layer, as shown in Figure 10. This additional layer significantly enhanced the physical
barrier properties of the siliceous layer. Moreover, BPOy4 had a filling effect, strengthening
the structural integrity of the residual layer and forming a dense residual layer [50]. This
layer acted as a barrier to heat transfer, thereby protecting the underlying plywood. In
addition, BPOy increased the surface area of the siliceous layer. This was similar to the
findings of Decsov et al. [51], who changed the specific surface area of 2-hydroxypropyl-§3-
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cyclodextrin (HP-3-CD) microfibers, leading to an increase in the flame-retardant index of
the composites. Thus, BPO, introduced more active sites on the surface of the barrier layer.
It adsorbed flammable organic volatiles, preventing their release and diffusion during
combustion and therefore reducing the rate of flame spread.

Consequently, the synergistic flame-retardant mechanism of silica fume-based com-
posite coatings, as illustrated in Figure 13, primarily involved the quenching effect, dilution
action, heat absorption, and catalytic charring of coatings. The interpenetrating network
structure and BPO4 promoted the generation of a continuous and robust siliceous layer
that acted as a barrier. However, the complex reaction mechanism among ZnPA, BA, MEL,
and geopolymer, as well as the smoke suppression performance of the composite coating,
will be investigated in our subsequent research.

30°C
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Figure 13. Flame-retarding mechanism of composite coatings.

5. Conclusions

In this study, the flame retardancy of ZnPA/BA/MEL-containing silica fume-
based geopolymer coatings was preliminarily investigated. The following conclusions
were drawn:

(1) An appropriate amount of ZnPA (2.5 wt.%) and BA (1.5 wt.%) enhanced the
flame retardancy of silica fume-based geopolymer coating, evidenced by the FPI in-
creasing from 0.59 (P0) to 2.83 (B3) s-m~2-kW~!, the FGI decreasing from 0.86 (P0) to
0.27 (B3) kW m~2.s71, and the FRI of 8.48.

(2) The in situ-formed boron phosphate (BPOy) derived from the doped ZnPA and BA
facilitated interpenetrating networks within siliceous gels, improving the residual resilience
of the fire-barrier layer, which could shield, fill, and adsorb heat during firing.

(3) According to pyrolysis kinetic calculation, in situ-formed BPO4 made the E climb
from 94.28 (P5) to 127.08 kJ-mol~! (B3) with temperatures of 731-940 °C, corresponding to
improved flame retardancy.
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Abstract

Occupational heat stress represents an increasing challenge to safety and operational per-
formance in underground mining, where elevated temperatures, humidity, and limited
ventilation are common. This study proposes an integrated framework to analyze the
systemic impact of heat stress on human reliability in mining operations. We conducted
a systematic literature review to identify empirical studies addressing thermal exposure,
extracting key operational functions for modeling. These functions were structured using
the Functional Resonance Analysis Method (FRAM) to reveal interdependencies and perfor-
mance variability. Human reliability was evaluated using Fuzzy CREAM, which quantified
the degree of contextual control associated with each function. Finally, we applied the
Gaussian Analytic Hierarchy Process (AHP) to prioritize functions based on thermal im-
pact, contextual reliability, and systemic connectivity. The results showed that functions
involving subjective or complex judgment, such as assessing thermal stress or identifying
psychophysiological indicators, exhibited lower reliability and higher vulnerability. In con-
trast, monitoring and control functions based on standardized procedures were more stable
and resilient. This combined approach identified critical points of systemic fragility and
offers a robust decision-support tool for prioritizing thermal risk mitigation. The findings
contribute to advancing the scientific understanding of heat stress impacts in mining and
support the development of targeted interventions to enhance human performance and
safety in extreme environments.

Keywords: heat stress; human reliability; underground mining; FRAM; Fuzzy CREAM

1. Introduction

In mining environments, workers are frequently exposed to extreme environ-
mental conditions—marked by high temperatures, elevated humidity, and limited
ventilation—that impose significant physiological and cognitive demands. Such conditions
lead to fatigue, human error, and workplace accidents, compromising both occupational
health and the resilience of sociotechnical systems [1].

Heat stress refers to the total internal and external thermal loads that challenge the
body’s thermoregulatory capacity, leading to homeostatic imbalance and, in severe cases,
heatstroke or death [2]. Research has shown that human performance under thermal
stress declines non-linearly, affecting both physical workload capacity and decision-making
quality [3,4]. Prolonged exposure to excessive heat is also associated with neurological
and cardiovascular disorders, reinforcing the need for effective prevention and monitoring
strategies [5,6].

Mining 2025, 5, 50 https://doi.org/10.3390/ mining5030050
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While indices such as the WBGT (Wet Bulb Globe Temperature) and PHS (Predicted
Heat Strain) are widely used for assessing thermal risks, their predictive capability in
real-world operational contexts remains limited because they often neglect the behavioral,
organizational, and cognitive aspects of human work [7,8]. Moreover, these traditional tools
fall short in capturing the dynamic variability of sociotechnical systems, particularly under
high thermal stress, where minor fluctuations in performance and context can escalate into
critical failures. This highlights the gap for systemic approaches that integrate physiological
responses to heat with human and functional variability—elements critical to the reliability
of complex operations.

Recently, hybrid models have emerged as promising tools for addressing the multi-
dimensional complexity of operations under heat stress. The Functional Resonance Anal-
ysis Method (FRAM) enables the modeling of organizational and operational variability,
revealing how minor fluctuations can amplify into safety-critical failures [9,10]. Mean-
while, fuzzy adaptations of the Cognitive Reliability and Error Analysis Method (CREAM)
allow quantifying human reliability under uncertainty by translating qualitative context
conditions into fuzzy numerical scores [11-15].

Moreover, multi-criteria decision-making techniques such as the Analytic Hierarchy Pro-
cess (AHP)—especially when extended with probabilistic modeling (Gaussian AHP)—enable
the prioritization of critical functions based on multiple dimensions, including thermal
impact, contextual reliability, and system connectivity [16,17]. However, no prior study has
combined these three methods in an integrated framework to model and quantify systemic
human reliability degradation under heat stress.

To our knowledge, no prior study has integrated the FRAM, fuzzy CREAM, and
AHP in a unified model to evaluate thermal risk in mining systems. While hybrid models
have been explored in other domains (e.g., urban transport) [18], this paper offers a novel
contribution by adapting and extending such methods to the high-risk, heat-exposed
context of underground mining.

This study stands out from previous works by uniquely integrating the FRAM, fuzzy
CREAM, and Gaussian AHP into a unified framework that captures the multifactorial and
systemic dimensions of heat stress in mining operations. Unlike traditional assessment
tools such as the WBGT, PHS, or isolated applications of the CREAM, our approach
models emergent variability, quantifies human reliability under contextual uncertainty, and
systematically prioritizes critical operational functions—offering a more comprehensive
and decision-oriented analysis of thermal risk.

We propose an integrated methodological framework that combines the Functional
Resonance Analysis Method (FRAM), fuzzy Cognitive Reliability and Error Analysis
Method (CREAM), and Gaussian Analytic Hierarchy Process (AHP) to evaluate the sys-
temic impact of heat stress on human reliability in mining environments. By jointly
incorporating operational dynamics, cognitive demands, and organizational structures,
this model provides a novel lens to understand and manage human performance under
thermal stress, supporting evidence-based strategies for improving safety and resilience in
extreme occupational conditions.

2. Materials and Methods

This study integrates three complementary methodological approaches: functional
system modeling using the Functional Resonance Analysis Method (FRAM), human re-
liability assessment through the fuzzy extension of the Cognitive Reliability and Error
Analysis Method (Fuzzy CREAM), and prioritization of critical functions using the Gaus-
sian Analytic Hierarchy Process (Gaussian AHP).
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2.1. Functional Modeling Using FRAM

The first stage involved the identification of critical functions associated with heat
stress in mining environments. A systematic review was conducted in the Scopus database
using Boolean operators combining the terms “heat stress” OR “thermal stress” OR “occupa-
tional heat exposure” OR “high temperature” OR “WBGT” OR “physiological strain index”
AND “mining industry” OR “mining operations” OR “underground mining” OR “surface
mining” OR “mine workers”. The search was restricted to scientific articles (document
type: “ar”) written in English.

To process the selected literature, we implemented an automated text-extraction
procedure using Python 3.10.12. Full-text articles in PDF format were parsed with the
PyPDE2 library, version 3.0.1, which enables structured analysis of document content. The
extracted text was automatically translated into English using the deep_translator package
(version 1.11.4, released on 28 June 2023) and the GoogleTranslator service, ensuring
terminological consistency for further analysis.

Once compiled into a unified corpus, the text was filtered using regular expressions
and part-of-speech tagging to detect sentences representing operational functions. Specifi-
cally, the pattern targeted action—object verb sequences associated with thermal exposure
and performance degradation (e.g., “monitor core temperature”, “evaluate thermal com-
fort”), drawing on previous methodological approaches by [19,20]. The regex algorithm
was calibrated to identify both operational verbs (e.g., monitor, assess, manage) and
domain-specific terms (e.g., heat stress, the WBGT, hydration, fatigue).

The extracted sentences were stored in a structured pandas DataFrame (version 1.5.3)
and then subjected to manual review to ensure semantic consistency and contextual rel-
evance. Only functions explicitly or implicitly linked to thermally induced variability or
human-system interaction were retained for modeling.

The full source code used in this step is presented below.

# Install required libraries (run once in Colab or Jupyter)
Ipip install PyPDF2 matplotlib pandas

# Import libraries

from PyPDEF2 import PdfReader

import re

# Define technical contexts associated with
thermal stress

contexts = [

“heat stress”, “thermal comfort”, “WBGT”,

i

import pandas as pd
portp p “hydration”, “acclimatization”,

ﬁjom collections 1.mp0rt Counter “workload”, “temperature”, “body heat”,
import matplotlib.pyplot as plt

# Define PDF file paths (uploaded to/content/in

Google Colab)

pdf_paths = [

“/content/0002889748507014.pdf”,

" /content/mem035.pdf”,

"/ content/s40033-022-00389-z.pdf”,

“/content/Vol.67,+No.11,+NOVEMBER+2019-15-

19.pdf”

]

# Function to extract full text from all PDFs

a7

“fatigue”, “performance”,
“core temperature”, “dehydration”, “cooling”,
“rest breaks”, “TWL”, “exhaustion”
1
# Regular expression to identify function-like
sentences (verb + context)
pattern =
rf”((2:{" 1" join(verbs)}).*?(?:{" | " join(contexts)}).*?\.)”
# Extract sentences that match the pattern
raw_phrases = re.findall(pattern, full_text,
flags=re.IGNORECASE)

def extract_text_f df: ths):
ef extract_text_from_pdfs(paths) # Create DataFrame with extracted functional

full_text ="

for path in paths:

reader = PdfReader(path)
for page in reader.pages:
text = page.extract_text()
if text:

full_text += text + “\n”
return full_text

sentences

df_functions = pd.DataFrame(raw_phrases,
columns=[“Function (textual description)”])
# Count frequency of key context terms
used_terms = [ctx.Jower() for phrase in
raw_phrases for ctx in contexts if ctx in
phrase lower()]
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term_freq = Counter(used_terms)

# Generate frequency graph of terms
plt.figure(figsize=(10, 5))

plt.bar(term_freq.keys(), term_freq.values())
plt.xticks(rotation=45, ha="right’)
plt.title(“Frequency of heat-stress-related terms in

# Extract text from selected papers
full_text = extract_text_from_pdfs(pdf_paths)

# Define action-related verbs (used as indicators of
functional behavior)

verbs = .
[ extracted functions”)

plt.xlabel(“Operational topics”)
plt.ylabel(“Frequency”)

plt.tight_layout()
plt.savefig(“function_term_frequency.png”)
plt.show()

# Display top 10 extracted functions
df_functions.head(10)

i

“monitor”,

i Y

evaluate”, “assess”, “estimate”,
record”, “analyze”,

i i

“control”, “regulate”, “adjust”, “implement”,

i

“detect”, “observe”, “apply”,
“interrupt”, “determine”, “manage”, “reduce”,
“prevent”

]

i

“measure”,

Each retained function was then structured according to the six canonical FRAM
aspects (Table 1): Input (I), Output (O), Precondition (P), Resource (R), Control (C), and
Time (T), as defined by [9]. The visual representation was created using the FRAM Model
Visualizer (FMV), version 2.1.4 (October 2020), which supported the identification of
functional couplings and potential variability propagation. This allowed for a non-linear,
emergent interpretation of socio-technical dynamics.

Table 1. Six core aspects.

Core Aspects Description
Input (I) The trigger or starting point for the function
Output (O) The result or outcome produced by the function
Preconditions (P) The conditions that must be satisfied before the function can be executed
Resources (R) The materials, tools, or information required to perform the function
Control (C) The mechanisms or guidelines regulating the function’s execution
Time (T) The temporal aspect that defines when the function must be completed

Finally, a frequency analysis of domain-specific terms was performed to visualize the
most recurrent technical elements within the extracted corpus, with prominent emphasis
on concepts such as temperature, hydration, fatigue, and performance degradation.

To enhance methodological transparency in the modeling process, we provide ad-
ditional detail on the semantic validation of functional elements. Manual review was
conducted by the lead researcher, whose background in safety systems and thermal er-
gonomics guided a structured and consistent evaluation. Each function-like sentence
identified through automated extraction was assessed against three inclusion criteria:
(i) clear reference to thermally induced variability or human-system performance degrada-
tion, (ii) presence of an explicit action—object structure (e.g., “monitor temperature”), and
(iii) alignment with at least one of the six canonical aspects defined in the FRAM framework
(version 2.1.4).

This manual validation process followed a predefined protocol, and ambiguous
or borderline cases were refined iteratively to ensure conceptual coherence within the
system model.

To support the visual FRAM representation, a detailed summary table of all modeled
functions, including their descriptions, mapped FRAM aspects, and key couplings, is
provided as Supplementary Material (Table S1). Importantly, in the FRAM Model Visualizer
(FMV), red interface dots represent undefined or unlinked couplings. These do not reflect
modeling errors but instead signal potential variability propagation routes that warrant
further specification or empirical verification.
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In compliance with FRAM methodological standards [9,10], particular attention was
given to the correct establishment of couplings between functions. Each input (I), control
(C), resource (R), precondition (P), and time (T) assigned to a function was explicitly traced
back to the output (O) of another function, ensuring that no input element exists without
a functional source. This coupling process respects the principle that “nothing exists in
isolation” within the model, a key tenet of functional resonance.

Furthermore, we revised the model to distinguish Foreground functions (those rep-
resenting core operational activities) from Background functions, which act as systemic
enablers with output-only behavior [21]. The Background functions are now shown in
the Modern view as rectangular elements, as recommended for clarity (FRAM Model
Visualizer, version 2.1.6).

In the final version, three terminal functions (“To Establish Control Measures Based
on Heat Stress Data,” “To Assess Thermal Comfort During Shifts,” and “To Implement
Procedures to Reduce Occupational Heat Stress”) were reviewed. Their outputs were
removed, as these functions conclude the modeling sequence. This adjustment eliminates
methodological inconsistencies and adheres to the FRAM rule that terminal functions may
legitimately lack outputs, as no further function depends on them [9,21].

The final FRAM model is presented in (Modern View), where all functional couplings
were manually validated using the FRAM Model Visualizer (FMV). A complete list of
functions, their descriptions, and associated aspects is provided in Table S1.

To enhance visual clarity and facilitate interpretation, Modern View adopts a color-
coded border scheme to distinguish function types:

e  Yellow-bordered functions denote human actions, such as perception, decision-making,
or manual task execution.

e  Blue-bordered functions represent technological processes, including sensor-based
measurements and automated operations.

e  Green-bordered functions correspond to organizational activities, typically involving
planning, coordination, or institutional control.

This visual coding supports functional differentiation and helps identify the interaction
between human, technological, and organizational components within the system.

2.2. Human Reliability Assessment Using Fuzzy CREAM

To evaluate human reliability under thermally stressful mining conditions, we imple-
mented a fuzzy-logic extension of the Cognitive Reliability and Error Analysis Method
(CREAM) using Python 3.10.12 and the scikit-fuzzy library version 0.5.0, released on
22 August 2024. This hybridization enables quantitative modeling of contextual variability
while maintaining the qualitative reasoning structure of the classical CREAM.

The assessment followed five structured steps, as detailed below:

Step 1—Selection of Relevant CPCs

From the nine original Common Performance Conditions (CPCs) in the CREAM, we
selected three contextually relevant dimensions for heat-exposed mining environments:

e CPCy: Adequacy of organization
e  (CPC,: Working conditions
e  (CPCj: Time available

These CPCs were chosen based on domain-specific literature and expert consultation,
focusing on their critical role in shaping operator performance under heat stress.

The selection of these three CPCs was guided not only by prior literature [12] but also
by their direct contextual relevance to heat-stressed mining environments. While standard
CREAM applications often consider additional factors such as training and experience, man—
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machine interface (MMI), or crew collaboration, these dimensions were not prioritized
in this study for specific reasons. In underground mining operations affected by heat,
immediate performance degradation is most strongly influenced by organizational support
structures (e.g., scheduling, staffing), environmental working conditions (e.g., temperature,
humidity, ventilation), and time constraints on decision-making. Other CPCs such as
“adequacy of training” or “crew collaboration” are undoubtedly relevant but are either
indirectly represented through organizational structures or difficult to quantify reliably
under thermal stress without direct field data. Therefore, the selection focused on the
CPCs with the most observable and quantifiable impact on heat-related human reliability,
aligning the modeling effort with the available evidence and the scope of literature-based
functional analysis.

Step 2—Fuzzification of CPC Inputs

Each CPC was modeled using triangular fuzzy membership functions defined by

1, x<a
ypgor(x) - %,a <x < b
0, x>b

where 4, b, and ¢ define the lower limit, peak, and upper limit of each fuzzy set.
Each CPC is represented as a triplet

y = f(x1,x2,x3) € [0,10]

The linguistic values {Adequate, Average, Poor} were associated with normalized
fuzzy inputs and interpreted via linguistic rules.

Step 3—Fuzzy Rule Base and Inference

A set of fuzzy “IF-THEN" rules was constructed to relate CPC inputs to control modes.
For example:

o JFCPCyis “Adequate” AND CPC; is “Adequate” AND CPCj3 is “Adequate” — THEN
Control Mode = “Efficient”
e IFCPC; is “Poor” OR CPC; is “Poor” — THEN Control Mode = “Scrambled”

The fuzzy inference mechanism used Mamdani-type composition with the minimum
operator for conjunction (AND) and maximum for disjunction (OR). The rules were aggre-
gated using

ur(y) = max;(min(pa;(x ), (upi(y)))

where 14 (x) is the degree of membership for the input condition and yg;(x) the consequent
fuzzy set for output.

Step 4—Defuzzification
To convert the fuzzy output into a crisp reliability score, we applied the centroid method

. Jyuy) dy
Juy) dy

This results in a continuous control level score y* € [0,10], interpreted as the contextual
reliability level for each FRAM function.

Step 5—Control Mode Classification

The defuzzified output y* was mapped to four discrete control modes, as defined by
Hollnagel (Table 2).
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Table 2. Classification of control modes in the Fuzzy CREAM based on defuzzified reliability scores.

Range Control Mode Operational Interpretation
0<y*<25 Scrambled Highly unpredictable, prone to errors
26 <y*<5.0 Inefficient Weak control, unstable contextual behavior
0<y*<25 Tolerable Sufficient control with variability risks
0<y*<25 Efficient Stable and reliable task execution

This fuzzy system was implemented in Python 3.10.12 using the scikit-fuzzy library
version 0.5.0 (released on 22 August 2024). This approach enabled the quantification of
contextual reliability and the classification of functions into control modes, following the
best practices outlined by [11,13,22]. To enhance the reproducibility and clarity of the
fuzzy inference process, this section details the membership-function parameters and the
structure of the fuzzy rule base used in the CREAM model, which was likewise developed
using Python 3.10.12 and scikit-fuzzy 0.5.0.

The triangular membership functions for each linguistic value associated with the
selected CPCs (adequacy of organization, working conditions, and time available) are
defined in Table 3 below. These functions were designed to reflect gradual transitions
between performance conditions, with “Average” representing the overlap zone between
“Poor” and “Adequate”.

The fuzzy rule base consists of a set of IF-THEN rules that determine the resulting
control mode based on the linguistic values of the three CPCs, following a Mamdani
approach [23]. Table 4 presents an illustrative subset of the rules used in the system. The
full rule base encompasses all 27 combinations (3?), but selected examples are shown
for clarity.

Table 3. Triangular membership function parameters for CPC linguistic values.

CPC Linguistic Value a (min) b (peak) ¢ (max)
Poor 0.0 0.10 0.30
Adequacy of Average 0.20 0.50 0.80
organization
Adequate 0.70 0.90 1.00
Poor 0.00 0.15 0.35
Working Average 0.25 0.50 0.75
conditions
Adequate 0.65 0.90 1.00
Poor 0.00 0.20 0.40
Time available Average 0.30 0.50 0.70
Adequate 0.60 0.85 1.00

Table 4. Example of fuzzy IF-THEN rules for CPC combinations.

Rule CPC; (Organization) CPC; (Conditions) CPC; (Time) Output Control Mode
R1 Adequate Adequate Adequate Efficient
R2 Poor Any Any Scrambled
R3 Any Poor Any Scrambled
R4 Average Average Average Tolerable
R5 Adequate Average Poor Inefficient
R6 Average Poor Poor Scrambled

This rule base reflects the principle that poor performance in any critical condition
(especially organization or working conditions) significantly reduces the likelihood of
efficient control. The rule set aligns with previous applications of the fuzzy CREAM in
high-risk domains [11,13].

The selection of these three CPCs was guided not only by the prior literature [12]
but also by their direct contextual relevance to heat-stressed mining environments. While
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standard CREAM applications often consider additional factors such as training and expe-
rience, the man—-machine interface (MMI), or crew collaboration, these dimensions were not
prioritized in this study for specific reasons. In underground mining operations affected by
heat, immediate performance degradation is most strongly influenced by organizational
support structures (e.g., scheduling, staffing), environmental working conditions (e.g.,
temperature, humidity, ventilation), and time constraints on decision-making. Other CPCs
such as “adequacy of training” or “crew collaboration” are undoubtedly relevant but are
either indirectly represented through organizational structures or difficult to quantify reli-
ably under thermal stress without direct field data. Therefore, the selection focused on the
CPCs with the most observable and quantifiable impact on heat-related human reliability,
aligning the modeling effort with the available evidence and the scope of literature-based
functional analysis.

2.3. Prioritization Using Gaussian AHP

To determine the most critical functions under heat stress, we applied a probabilistic
extension of the Analytic Hierarchy Process (AHP), known as Gaussian AHP, within the
Python environment. This method was implemented using Python 3.10.12—the default
interpreter in Colab and the ahp-gaussiano library version 0.1.2, released on 20 June 2024.
The Gaussian AHP algorithm models pairwise comparisons as Gaussian distributions, in-
troducing uncertainty into expert judgments, and is particularly suitable for socio-technical
systems like mining where decision criteria involve inherent ambiguity and subjectivity.

The Gaussian AHP method adopted in this study follows the formulation proposed
by [17], which extends the classical geometric mean method by integrating a probabilistic
consistency index and normal distributions into the pairwise comparison matrices. This
allows for the quantification of uncertainty in judgments, offering greater robustness in
multicriteria decision-making processes.

Step 1—Definition of Decision Criteria

Three criteria were defined based on the hybrid framework developed in this study:

e  CI1: Thermal Impact: the extent to which each function is affected by heat stress and
contributes to risk propagation under thermal exposure.

e  (C2: Human Reliability: fuzzy control scores derived from the CREAM model, reflect-
ing the likelihood of safe performance.

e (C3: FRAM Connectivity: the level of interdependence a function has within the
functional network, indicating its systemic influence.

Step 2—Construction of Stochastic Pairwise Matrices

For each criterion ck, the pairwise comparison matrix MK = [ml(]k)} was composed of

stochastic elements modeled as normally distributed random variables

oy (ol )

(0
o)
deviation representing uncertainty in expert judgment. These values were elicited from

where . is the expected relative importance of alternative i over j, and (Ti(jk) is the standard

three domain experts in mining ergonomics and occupational safety, using 9-point scales
adjusted for uncertainty margins.

Step 3—Calculation of Priority Vectors
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Priority vectors wk for each criterion were derived using the Gaussian extension of
the geometric mean method

1/
wi(k) = (Hn m(k)) n, normalized such that Z?:l wgk) =1

j=1""1
The global priority vector w was obtained by aggregating the individual vectors wk,
weighted by coefficients ok, with ) ok =1

m
w=Y apwg
k=1

The weights used were

al = 0.4 for Thermal Impact
«2 = 0.35 for Human Reliability
a3 = 0.25 for FRAM Connectivity

These coefficients reflect the relative emphasis on physiological risk, cognitive vulner-
ability, and systemic criticality, respectively.

Step 4—Consistency Verification

A Probabilistic Consistency Index (PCI) was computed for each matrix, follow-
ing [16], to ensure that the preference structures satisfied the transitive logic. Matrices with
PCI < 0.20 were considered acceptably consistent under uncertainty.

Step 5—Final Ranking

The resulting global scores enabled the prioritization of the nine functions modeled
via the FRAM and evaluated through the Fuzzy CREAM. This probabilistic formulation
mitigates the limitations of crisp AHP, reduces bias from rigid hierarchies, and enhances
the interpretability of prioritization in real-world mining applications. The Gaussian AHP
used here adapts the approach validated by [24].

3. Results

The initial phase of the study involved a systematic literature search conducted in
the Scopus database, using a comprehensive Boolean query that combined descriptors
related to heat stress and mining operations. This search returned five scientific articles.
After full-text analysis, one article was excluded for not meeting the predefined inclusion
criteria—specifically, it lacked sufficient functional detail relevant to heat-related perfor-
mance in mining environments.

As a result, four articles formed the analytical corpus used for the extraction of
operational functions associated with heat stress.

Table 5 presents a structured summary of the four scientific articles selected for this
study. The summarized information includes authorship, research objectives, method-
ologies, study sites, main findings, and applied relevance. These studies served as the
empirical and conceptual foundation for the extraction of functions modeled using the
Functional Resonance Analysis Method (FRAM), supporting the functional characterization
and systemic mapping proposed in this research.
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Table 5. Summary of selected articles on occupational conditions and green mining.

Research Location

Author and Context Objective Methodology Key Results Relevance
The study utilized a
combination of field The study
experiments, The controlled demonstrated that
physiological TR large-scale,
. © acclimatization protocol
monitoring . . structured
. . proved highly effective. e
(including rectal By 1970, over acclimatization
The primary aim was ~ temperature, oxygen Y ! significantly
. 280,000 workers had
to evaluate how consumption, and L enhances thermal
. . participated across 28 AR
interdisciplinary heart rate), and . . e safety in mining. It
- acclimatization facilities.
research in human controlled also allowed for
: : The program led to a . .
. sciences— environmental o L partial work shift
This study was . AR significant reduction in .
. particularly exposure in climatic reallocation to
conducted in the . heat stroke cases and .
. physiology, rooms. From 1965 o . include safety and
South African gold fatalities, particularly due - .
minine sector psychology, and onwards, new to improvements in carl productivity training,
[25] ning Sector sociology—could be recruits underwent prov - Y while reducing the
specifically within . . detection (via oral .
. applied to improve an 8-day supervisory burden.
the deep-level mines A temperature checks) and PP
. health, safety, and acclimatization . . . . Wyndham'’s findings
of the Witwatersrand A . immediate on-site cooling .
. productivity in program in chambers o contributed to the
region. . 2 . o of affected individuals. -
underground mining, = maintained at 32 °C : foundational
. . Mortality rates dropped —
with an emphasis on wet-bulb . practices in
T drastically compared to -
heat acclimatization temperature. : occupational heat
i . earlier years, when
and worker resilience Exercises were unrecoenized or stress management
in hot environments.  calibrated to simulate 5 and laid the
.. untreated heat stroke had
moderate mining . o groundwork for
resulted in up to 50% .
workloads, gradually . modern protocols in
- . . fatality among affected .
increasing metabolic . thermal risk
miners. b
demand over the mitigation in mining
acclimatization environments.
period.
Twelve physically In the controlled trials,
active male the TWL accurately
participants predicted the metabolic
underwent trials in a threshold at which
climate chamber physiological strain
simulating hot (elevated core This study validated
environments (3840  temperature >38.2 °C or the TWL as a more
°C dry bulb, ~28 °C heart rate >115 bpm) reliable and
wet bulb). They would occur. Ten of the applicable index for
The main objective performed repeated twelve subjects stayed heat stress
was to evaluate the 30 min work within the predicted management in hot
Thermal Work Limit intervals at limits; the two outliers workplaces
(TWL) index as a increasing workloads ~ were likely impacted by compared to the
The study included practical, accurate, (40-60 W) poor acclimatization or WBGT. It
both controlled and robust tool for interspersed with excess body fat. In the demonstrated that
laboratory trials and managing rest, while heart rate,  field, the TWL provided the TWL better
field observations at occupational heat core temperature (via realistic thresholds that reflects the cooling
mining and stress in both ingestible sensors), permitted safe potential of
[26] construction sites in controlled and hydration status continuous labor even environmental

Northwest Australia,
where summer
conditions regularly
exceed conventional
heat stress
thresholds.

environments and
real-world outdoor
work settings. The
TWL was compared
to the widely used
but often overly
conservative Wet
Bulb Globe

Temperature (WBGT)

index.

were monitored.
Field studies
involved continuous
environmental and
physiological
monitoring of mine
and construction
workers across three
outdoor sites, using
heart rate monitors,
tympanic
thermometers, and
urine specific gravity
measurements.
Environmental
conditions were
assessed using both
TWL and WBGT
indices.

when WBGT values
suggested mandatory
work-rest cycles. Despite
consistently high WBGTs
(>30 °C), workers
maintained stable heart
rates, hydration, and core
temperatures when the
TWL exceeded
140 W/m?. Management
protocols based on the
TWL were proposed,
allowing unrestricted
work when the TWL
>220 W/m? and
recommending
restrictions and
monitoring when the
TWL <140 W/m?.

factors like air
movement, thus
avoiding unnecessary
productivity losses.
The authors
recommend
TWL-based protocols
for industry-wide
adoption,
highlighting its
benefits in protecting
health while
sustaining
operational efficiency.
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Table 5. Cont.

Research Location

Author and Context Objective Methodology Key Results Relevance
Postural analysis
Work posture was revealed that most
assessed using the operators regularly .
Ovako Working assumed slightly to This s.tudy
¢ L emphasizes the
. Posture Analysis distinctly harmful
The study aimed to urgent need for
System (OWAS), postures. For example, .
evaluate the . oo o ergonomic
. o which classifies CM operators spent 70% . L
ergonomic conditions o . interventions in
The study was postural stress based of their time with the .
. : of underground . Indian underground
carried out in a fully . on joint angles and neck bent backward .
. machine operators by . . o mines. The authors
mechanized . . time spent in each (distinctly harmful),
analyzing their - . advocate for better
underground coal : posture. Physical while UDM, road header, .
. working postures postural training,
mine operated by . workload was and LHD operators
. and physical . o workload
Eastern Coalfields evaluated using exhibited prolonged bent
o workload. The goal : management, and the
Limited (ECL), a . . o pulse rate or twisted trunk .
‘o was to identify risk e adoption of
subsidiary of Coal factors for measurements positions. In terms of ereonomic desien
[27] India Ltd. This mine, captured by a Polar workload, CM operators gono &
. musculoskeletal .. . principles (e.g.,
located in eastern . M430 activity had a light workload
. disorders (MSDs) . anthropometry and
India, produces 3.4 . . monitor, and energy (average pulse: 96 bpm; .
s and fatigue, which . . participatory
million tons annually . expenditure was energy expenditure: 6.5 .
are common in deep : . . ergonomics) to
and represents a key L. estimated via the kJ/min), whereas the R
mining due to reduce occupational
example of . Varghese formula. UDM, road header, and .
. constrained health risks. The
mechanized Four types of LHD operators showed
- workspaces and : methodology and
underground mining machinery operators moderately heavy .
. prolonged exposure . findings may be
in the country. were evaluated: workloads (pulse rates
fo poor continuous miner ~112-114 bpm; ener extended to other
environmental - * opmy 8y mining contexts,
L (CM), universal expenditure ~9.1-9.4 . .
conditions. s . . S including opencast
drilling machine kJ/min). These findings and non-coal
(UDM), road header,  suggest a substantial risk operations
and load haul of fatigue and MSDs, P '
dumper (LHD). particularly for UDM and
road header operators.
Twenty male
participants (10 per Both mines showed high
mine) were selected thermal stress levels with
based on strict PMV and PPD values
inclusion criteria: exceeding comfort The study
healthy BMI and thresholds—Mine A had underscores the
body surface area,no  a PMV of 3.74 and PPD of importance of
cardiovascular or 99.28%, while Mine B systematically
physiological showed a PMV of 4.09 identifying and
disorders, and PPD of 99.97%. monitoring the
acclimatized to WBGT (Wet Bulb Globe  various determinants
The study was underground work,  Temperature) values were  of thermal comfort in
Y - and with normal also elevated compared underground
conducted in two The objective of the . , .
~ resting ECG. Thermal  to OSHA's recommended environments. As
underground coal study was twofold: L o A - .
Lo . comfort was limits. A strong positive Indian mining shifts
mines in India (1) to assess the . .
. evaluated using the correlation was found toward deeper
(referred to as Mine thermal comfort . .
. Predicted Mean Vote between PMV and operations,
A and Mine B), both status of . lic h d dine th
operated under underground coal (PMV) and Predicted metabolic heat understanding the
perates . . Percentage of production (r = 0.99), interplay between
subsidiaries of Coal PUNers usihg Dissatisfied (PPD) while strong negative hysiological strain,
[28] India Limited. While  standardized thermal §neg phy 5 !

the mines shared

similar ventilation
and geological
conditions, they

differed in
depth—150 m for
Mine A and 320 m for
Mine B.

stress indices, and (2)
to examine the
correlations between
thermal comfort and
physiological and
environmental stress
factors.

indices derived from
environmental data
collected hourly
during the work shift.
The Pearson
correlation and
Student’s t-tests were
applied to determine
the strength of
association between
the PMV /PPD and
various
environmental and
physiological
variables such as
heart rate, metabolic
heat generation, air
velocity, convection
and evaporation heat
exchange.

correlations were found
with evaporative heat
loss (r = —0.99) and
convective heat exchange
in breathing (r = —0.88).
Medium-strength
correlations existed
between the PMV and
PPD (r = 0.60 in Mine A
and r = 0.53 in Mine B).
These findings indicate
that thermal comfort in
Indian underground
mines is governed by
multiple interacting
factors, and even
relatively shallow mines
can present substantial
heat stress risks.

environmental heat
stress, and mine
design becomes
increasingly critical.
The authors advocate
for better air velocity
management,
targeted work-rest
schedules, and
enhanced
environmental
monitoring to reduce
discomfort and
maintain
productivity in
heat-stressed mines.
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These articles were subjected to an automated processing procedure designed to
identify function-like sentences related to thermal exposure, workload, fatigue, hydration,
and human-system interaction. The process yielded a curated set of functional elements
which served as the foundation for the FRAM modeling stage.

3.1. Functional Modeling Using FRAM

The automated extraction process applied to the selected corpus of scientific articles
yielded a set of operational functions directly or indirectly associated with heat stress in
mining contexts. Using regular expressions calibrated to detect action—object verb patterns,
the analysis captured function-like sentences containing technical terms related to thermal
exposure, performance degradation, and physiological stress.

The extracted content was filtered to retain only those functions that demonstrated
semantic alignment with human reliability under heat conditions, resulting in a refined
dataset suitable for FRAM modeling. A frequency analysis of the key technical terms
identified across the extracted functions is presented in Figure 1.

Frequency of heat-stress-related terms in extracted functions

Frequency
w

o
& \01’6 K°é-
N N
& & (S

Operational topics

Figure 1. Related terms in extracted functions.

As shown, the most recurrent topic was “thermal comfort”, appearing in seven func-
tional descriptions, followed by “heat stress” (six occurrences), “workload” (four occur-
rences), and “temperature” (three occurrences). This distribution reflects a predominant
concern in the literature with the perceptual and physiological dimensions of heat exposure,
emphasizing the impact of environmental thermal conditions on human performance and
task execution.

The prevalence of the term “thermal comfort” suggests a strong emphasis on subjective
perception and environmental adaptation mechanisms, often linked to productivity and
fatigue. Meanwhile, “heat stress” and “workload” represent objective dimensions of
physiological strain and operational demand, commonly associated with increased risk
of error and diminished reliability. “Temperature”, while present with lower frequency,
remains a fundamental parameter underlying all thermal risk assessments.

Figure 2 presents the functional model resulting from the application of the FRAM
methodology, comprising nine critical functions extracted from the specialized literature
on heat stress in mining. These functions were structured according to the six canonical
FRAM aspects proposed by [9]: Input, Output, Preconditions, Resources, Control, and
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Time. The model highlights key functional couplings and identifies potential points of
systemic variability.

The function “Evaluate thermal comfort during shifts” directly links individual per-
ception with operational decision-making, highlighting the subjective dimension of heat
stress management. This aligns with [29], who argue for the critical role of contextualized
ergonomics in underground mining operations.

In addition, the function “Quantify physical workload under thermal load conditions”
emerged as a critical node due to its high degree of functional connectivity. It directly
influences control mechanisms (e.g., rest breaks, task rotation), and variability in this
function may trigger cascading effects on performance and safety. These findings are
consistent with [30], who underscore the importance of physiological metrics in socio-
technical systems under heat stress.
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Figure 2. The functional model resulting from the application of the FRAM. The analysis revealed
that the function “Monitor and measure thermal conditions” acts as a primary entry point and trigger
for organizational response mechanisms. It plays a pivotal role in activating adaptive strategies
and serves as a foundation for thermal risk mitigation. As emphasized by [10], identifying central
functions in FRAM models helps to map elements that are most likely to amplify systemic variability.

The inclusion of functions such as “Implement control measures” and “Develop
management protocols based on TWL” indicates an attempt to institutionalize operational
learning. As observed by [31], resilient systems require mechanisms that support both
anticipatory and responsive adjustments.

This model structure allows not only the visualization of information and resource
flows under heat stress conditions but also the identification of bottlenecks and vulnerable
functions likely to collapse if poorly managed. Such analysis is fundamental for guiding
preventive and ergonomic interventions in extreme mining environments, as suggested
by [12] when integrating human reliability with operational variability.

Beyond mapping functional structure, the FRAM framework emphasizes the propaga-
tion of performance variability as the core explanatory mechanism for emergent outcomes.
In this model, everyday fluctuations in how a function is performed—due to time pressure,
degraded environmental conditions, or organizational gaps—can interact non-linearly
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with variabilities in other functions, potentially reinforcing each other. This phenomenon,
known as functional resonance, can amplify deviations in system behavior and lead to
unexpected events or degraded performance [9]. For example, minor inconsistencies in
evaluating heat stress may combine with reduced time availability or inadequate resources,
making downstream functions (e.g., decision-making or emergency response) increasingly
fragile. These dynamic interactions highlight the system’s sensitivity to context, especially
in thermally stressful environments like underground mining. Modeling this through the
FRAM allows us not only to describe function couplings, but to identify where variability
accumulates and propagates—a critical insight for anticipating systemic fragility under
operational stress [10].

3.2. Human Reliability Assessment Using Fuzzy CREAM

Building upon the functional structure modeled via FRAM, a fuzzy-based adaptation
of the Cognitive Reliability and Error Analysis Method (CREAM) was applied to quantify
the human reliability associated with each critical function. The FRAM outputs provided
the functional scope and interdependencies necessary to parameterize the context of control
modes in the fuzzy logic system.

The fuzzy CREAM enables the translation of qualitative control context factors into
reliability scores by modeling uncertainty and partial truth through fuzzy membership
functions. In this study, each of the nine key functions extracted from the literature
and structured via the FRAM model were assessed in terms of human reliability, re-
sulting in a fuzzy score ranging from 0 to 10. These scores were categorized into four
control modes—scrambled (0-2.5), inefficient (2.5-5.0), tolerable (5.0-7.5), and efficient
(7.5-10)—based on the original CREAM framework proposed by [32] and further adapted
through fuzzy extensions for industrial environments [12,13]. The thresholds were contex-
tualized for mining operations, reflecting typical decision-making structures and cognitive
demands encountered under thermal stress.

The resulting scores varied widely across functions, reflecting how contextual con-
ditions and task characteristics influence operator performance under heat stress. The
integration of the FRAM and fuzzy CREAM thus provides a layered analysis: while the
FRAM reveals systemic variability and functional interconnections, the Fuzzy CREAM
quantifies the cognitive demands and reliability potential of each function under real-world
thermal stress conditions.

As shown in Figure 3, the function achieved a reliability score of 8.64, classifying it
within the efficient control mode.

Monitor and measure thermal conditions

101 —— scrambled

mnefficient
— tolerable
0.8
— efficient
—Score = 8.64
206
g
v
E
£ 0.4 1

I

0.0 1

0 2 4 0 8 10
Reliability

Figure 3. Monitor and measure thermal conditions.
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This high level of reliability reflects the procedural and instrument-based nature of the
task, which is typically supported by standardized protocols and real-time environmental
monitoring tools. The stability of this function reinforces its role as a critical enabler of
system feedback and adaptation. As highlighted by [9], functions with clear input-output
relationships and strong control structures tend to exhibit high consistency, especially when
automation assists in execution.

The function in Figure 4 achieved a score of 4.76, at the upper limit of the inefficient
control range.

Assess thermal comfort during shifts

1.0
0.8 1

a - scrambled

E 0.6 1 inefficient

z —— tolerable

5 0.4 4 - efficient

= — Score = 4.76
0.2 1
0.0 1

0 2 4 6 8 10
Reliability

Figure 4. Assess thermal comfort during shifts.

Thermal comfort is inherently subjective and influenced by numerous personal and
environmental variables, including clothing, humidity, acclimatization, and metabolic rate.
This result indicates that while some structured procedures exist (e.g., surveys, observation
protocols), the reliance on individual perception introduces inconsistency, corroborating
the findings of [29], who emphasize the challenge of operationalizing subjective experience
in safety-critical environments.

In contrast, the function shown in Figure 5 received a much lower score of 1.22, placing
it in the scrambled mode.

Evaluate heat stress conditions in mining environments

1.0 4

0.8 1
a. - scrambled
£ 061 inefficient
-
s —— tolerable
§ 0.4 4 — efficient

— Score = 1.22
0.2 - \
0.0 4
0 2 4 6 8 10

Reliability

Figure 5. Evaluate heat stress conditions in mining environments.
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This suggests a high degree of uncertainty and cognitive overload, likely stemming
from the need to synthesize multiple data sources (e.g., thermal readings, physiological
signals, workload classification) in dynamic conditions. The function’s centrality in the
FRAM model further amplifies its risk potential. According to [3], diagnostic functions that
depend on complex judgment under stress conditions often present low reliability when
context factors (e.g., fatigue, time pressure) are unfavorable.

Similarly, the function in Figure 6 scored 1.11, indicating scrambled control. This
result reinforces the systemic vulnerability of this function, which often depends on in-
direct signals and non-observable indicators (e.g., cognitive fatigue, emotional stress,
reduced alertness).

Identify and characterize psychophysiological stressors

1.0
0.8
a -  scrambled
'-S 0.6 inefficient
3 —— tolerable
§ 0.4 . — efficient
— Score = 1.11
0.2 4
0.0 4
0 2 B 6 8 10
Reliability

Figure 6. Identify and characterize psychophysiological stressors.

As observed by [30], psychophysiological factors are difficult to quantify in real time
and are rarely integrated systematically into operational decision-making, increasing the
likelihood of undetected performance degradation.

The function in Figure 7 scored 2.81, placing it within the inefficient control category.
This reflects the complexity of estimating the workload in fluctuating thermal environments,
especially when biomechanical assessments are not continuously available.

Quantify physical workload under thermal load conditions

1.0 4

0.8 1
o — scrambled
.5 0.6 1 inefficient
3 —— tolerable
§ 0.4+ —— efficient
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0.0 4 ls
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Figure 7. Quantify physical workload under thermal load conditions.
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Workload is highly variable and depends not only on task type but also on posture,
pace, hydration status, and recovery time—factors that are often underestimated during
operational planning [4-6].

Conversely, the function in Figure 8 received a score of 4.76, like the thermal comfort as-
sessment. Although the evaluation of postures may be partially supported by observational
tools or ergonomic checklists, the context of mining—particularly in confined or irregular
underground spaces—limits the consistency and repeatability of such assessments.

Assess work postures and workload

1.0 4

0.8 4
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Figure 8. Assess work postures and workload.

As noted by [31], ergonomic functions that rely on visual inspection and self-reporting
are particularly susceptible to contextual noise and evaluator bias.

Figure 9 shows a reliability score of 1.36, again within the scrambled category. This low
score may be attributed to the lag between data collection and procedural implementation,
as well as the need to adapt general recommendations to specific site characteristics and
workforce variability.

Develop management protocols based on TWL

1.0 1
0.8 1
a — scrambled
-S 0.6 1 inefficient
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g 0.4 4 — efficient
— Score = 1.36
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0.0 1
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Figure 9. Develop management protocols based on the TWL.

TWL-based management demands a synthesis of meteorological data, metabolic
load, and organizational capacity, making it highly sensitive to planning gaps and
contextual instability.
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In contrast, the function in Figure 10 classifies it as tolerable. This suggests that once
procedures are defined (e.g., scheduled rest breaks, provision of fluids, shaded areas), they
can be executed with moderate consistency.

Implement procedures to reduce occupational heat stress

1.0 1
0.8 4
a — scrambled
£ 061 inefficient
E —— tolerable
g 0.4 4 — efficient
— Score = 6.39
0.2
0.0 4
v T T . - v
0 2 4 6 8 10
Reliability

Figure 10. Implement procedures to reduce occupational heat stress.

However, their effectiveness still depends on adherence, supervision, and reinforce-
ment mechanisms. This aligns with the view of [31], who emphasize the importance of
enabling factors (e.g., leadership support, worker autonomy) in determining the actual
reliability of procedural interventions.

Finally, the function “Establish control measures based on heat stress data” (Figure 11)
matched the highest reliability score at 8.64, also in the efficient range.

Establish control measures based on heat stress data
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nefficient
— tolerable
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Figure 11. Establish control measures based on heat stress data.

This confirms that once empirical thresholds (e.g., WBGT limits) are reached, triggering
predefined responses (e.g., work stoppage, alerts) tends to occur with high regularity. These
mechanisms are often integrated into safety management systems and benefit from formal
institutionalization, which explains their robust control.

3.3. Prioritization Using Gaussian AHP

Building upon the functional modeling performed using the FRAM and the human
reliability scores obtained through the Fuzzy CREAM, the Gaussian Analytic Hierarchy
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Process (AHP) was applied to derive a final ranking of critical functions. This integration
offers a structured and quantitative approach to prioritization, accounting for both system
connectivity and human performance under thermal stress conditions.

Three decision criteria guided the multicriteria evaluation as follows:

e  Cl—Thermal impact: the degree to which each function is sensitive to heat exposure
and contributes to thermal risk propagation.

e  (C2—Human reliability: the fuzzy score derived from the CREAM assessment, indicat-
ing the cognitive robustness of each function.

e  (C3—FRAM connectivity: the level of interdependence and influence each function
exerts in the functional network.

Each function was evaluated across the three criteria using Gaussian-distributed pair-
wise comparisons, which model judgment uncertainty more realistically than conventional
crisp AHP. The normalized weights for each criterion were aggregated to obtain the final
prioritization score for each function, as presented in Table 6.

Table 6. Final prioritization score.

Function Thermal Impact (C1) Human Reliability (C2)  FRAM Connectivity (C3) Final Score
Evaluate heat stress conditions 0.92 0.91 0.90 0.91
Quantify physical workload 0.89 0.87 0.88 0.88
Identify psychophysiological stressors 0.85 0.86 0.84 0.85
Monitor and measure thermal conditions 0.80 0.82 0.83 0.82
Assess thermal comfort 0.78 0.79 0.81 0.79
Assess postures and workload 0.75 0.74 0.73 0.74
Establish control measures 0.70 0.72 0.71 0.71
Implement heat stress procedures 0.68 0.70 0.69 0.69
Develop protocols based on the TWL 0.65 0.68 0.67 0.67

Among the prioritized functions, “To Develop Management Protocols Based on TWL”
received the lowest global score. This result reflects both methodological and contex-
tual limitations. While the Thermal Work Limit (TWL) is widely used as a reference for
managing heat exposure in industrial settings, it assumes relatively stable environmental
and metabolic conditions [33]. In underground mining, however, thermal loads fluctuate
dynamically due to ventilation changes, depth, workload variations, and unexpected oper-
ational demands. Static or pre-defined protocols, even when based on robust indices like
the TWL, often fail to respond in real-time to such variability. Moreover, this function is
dependent on the prior accuracy of environmental and physiological assessments—any de-
viation upstream (e.g., misclassification of heat stress or poor monitoring) compromises the
relevance of the protocol generated. This fragility justifies its low reliability (C2), moderate
thermal impact (C1), and limited systemic connectivity (C3), as shown in the model.

As the table shows, the function “Evaluate heat stress conditions in mining environ-
ments” was confirmed as the most critical across all three dimensions, emphasizing its
centrality, high vulnerability, and strong thermal sensitivity. This reinforces the findings
of the FRAM and fuzzy reliability analyses, validating the systemic risk associated with
this function.

At the opposite end, functions like “Develop protocols based on TWL” and “Imple-
ment heat stress procedures” received the lowest aggregate scores. While these functions are
crucial at the procedural level, their influence is limited in dynamic, real-time decision con-
texts, and they tend to operate under higher levels of structural support and predictability.
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Overall, the Gaussian AHP results consolidate the insights from the previous phases
and provide a decision-support basis for targeting the most fragile and influential functions
in heat-stress-exposed mining systems.

3.4. Practical Implications for the Mining Industry

To enhance the practical relevance of this study, we propose a multifaceted imple-
mentation framework tailored to mining operations. First, the integration of real-time
decision-support systems that fuse data from environmental sensors, wearable physiologi-
cal monitors, and predictive analytics is crucial. These systems can proactively detect early
markers of heat-induced cognitive decline, such as diminished attention and increased
reaction time, which have been shown to impair worker safety and efficiency under thermal
stress [34].

Second, organizational variables—notably shift scheduling, workload distribution,
and leadership involvement—must be dynamically adapted to account for thermal load
variability and its impact on executive function, vigilance, and memory [35].

Third, targeted technical training is recommended to bolster miners’ ability to recog-
nize and respond to symptoms of heat stress. This is particularly critical for roles involving
decision-intensive tasks, which have been identified as most vulnerable in functional reso-
nance analysis model (FRAM) simulations. Cognitive impairments under heat exposure
include elevated omission errors and slowed response times, especially during extended
shifts [36].

Finally, emergency protocols should be revised to include tiered interventions based
on function-specific risk stratification. This ensures that critical operations receive priority
support during thermal events, thereby enhancing operational resilience.

These strategies not only align with the priority functions highlighted in our hybrid
modeling approach but also provide a structured roadmap for converting analytical insights
into actionable, system-level resilience measures within the mining sector.

4. Limitations

This study offers a novel hybrid approach to model human reliability under thermal
stress in mining environments. However, several limitations must be acknowledged to
contextualize the scope and applicability of the findings.

First, the FRAM modeling was based on a restricted corpus of four scientific studies
selected through a systematic review. Although these articles provided high-relevance
empirical data on heat exposure and human performance in mining contexts, the small
sample size may limit the generalizability of the functional model. Future studies should
expand the literature base and consider broader operational settings—including surface
mining, artisanal mining, and different climatic zones—to strengthen the external validity
of the functional structure.

Second, while the functions modeled reflect domain-specific realities in mining, the
structure and logic of FRAM have been successfully applied in other high-risk industries
such as offshore oil and gas, commercial aviation, and maritime operations. Comparing
results across such domains could help identify transferable patterns of human-system
variability and refine the current model.

Third, the fuzzy inference and pairwise comparison methods (used in the fuzzy
CREAM and Gaussian AHP, respectively) inherently rely on expert judgment and pre-
defined linguistic rules. These assumptions introduce subjectivity, particularly when
estimating contextual reliability or prioritizing functions under uncertainty. Although these
techniques help manage imprecision, their outcomes are sensitive to how input scales and
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rule bases are defined. Incorporating sensitivity analyses or expert consensus panels may
enhance robustness in future applications.

5. Conclusions

The results demonstrated that functions involving complex judgment, subjective
assessment, or indirect indicators, such as evaluating heat stress conditions and identifying
psychophysiological stressors, are the most vulnerable under thermal exposure. These
functions showed both low reliability scores in the fuzzy analysis and high systemic
connectivity in the FRAM model, indicating that performance failures in these areas
may propagate variability throughout the system. In contrast, functions supported by
standardized procedures and defined control mechanisms, such as monitoring thermal
conditions or implementing control measures, demonstrate higher contextual reliability
and greater operational consistency.

The integration of the three methods proved effective in translating qualitative sys-
tem behavior into structured analytical insights. The use of the Gaussian AHP model
further supported the prioritization of critical functions, emphasizing that thermal expo-
sure compromises not only individual performance but also the structural stability of the
operational network.

These findings confirm that human reliability in mining environments exposed to
heat is influenced by multiple interacting dimensions, including organizational capacity,
environmental dynamics, and functional dependencies. Addressing thermal risk in such
settings requires more than individual protection or environmental thresholds. It demands
a comprehensive approach that considers the specific vulnerabilities of each function and
strengthens support mechanisms where variability is most likely to emerge.

Future developments may include the integration of sensor-based information, predic-
tive algorithms, and empirical field validation to enhance the applicability and precision
of the model. By identifying areas of fragility and prioritizing improvement efforts, this
framework offers a valuable contribution to safety strategies and operational resilience in
high-temperature mining scenarios.
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Abstract

The effects of key variables on weak-acid-dissociable (WAD) and free cyanide oxidation by
ozone injection in gold mine pulp were studied at laboratory scale to find an alternative
cyanide treatment. A fractional factorial analysis of five process variables (O3 /O, flow, reac-
tion time, NH4HSO3 concentration, temperature, and pH) informed a 60-run experimental
matrix, in a 1 L cylindrical reactor, with the process variables controlled during the ozone
injection. The findings may inform future strategies for safer cyanide management in gold
mining processes. Free cyanide is the most toxic form of cyanide. Its oxidation increases
with higher O3/0O, concentrations, longer exposure time, and higher pH. Maintaining a
pH above 7 is crucial. Lower pH values favor the dissociation of cyanide into its toxic,
free form. WAD cyanide oxidation depends mainly on the O3/0O, concentration, exposure
time, and NH4HSO3 concentration. Increasing O3 /O, and time enhanced both WAD and
free cyanide oxidation, while NH;HSO3 concentration affected oxidation rates differently.
The results show that free cyanide was significantly more oxidized (84.1413%) than WAD
cyanide (67.2423%). Controlling the WAD cyanide process yields excellent free cyanide
oxidation. This represents ongoing improvement at an industrial scale. This approach
quantifies the extent to which process variables affect the WAD and free cyanide oxidation
under controlled conditions, thereby greatly reducing environmental impact.

Keywords: cyanide oxidation; ozone injection; environmental impact; gold mine pulp

1. Introduction
1.1. Generalities of Cyanide

Since the 19th century, the mining industry has used cyanide to extract gold from
low-grade ores due to its stability in forming soluble cyanide—gold complexes and its
efficiency in selectively dissolving gold [1]. However, the process generates leachates and
sludges; that is, highly toxic cyanide complexes are produced, including cadmium, copper,
zing, free cyanide, and weak-acid-dissociable (WAD) cyanide [2,3]. Unfortunately, when
these complexes are not properly disposed of, they cause serious harm to humans and
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aquatic ecosystems [4,5]. The persistence and toxicity of cyanide complexes necessitate
the development and evaluation of treatment technologies. Among the most studied
conventional methods are air/SO, oxidation (INCO process), hydrogen peroxide oxidation,
alkaline chlorination, ultrasound, electrochemical oxidation, and biological treatments [6].
Although technically viable, these methods generate high solids loads, require expensive
reagents, have low efficiency, and produce chemically complex byproducts that must
be transformed into non-hazardous waste for disposal in accordance with applicable
regulations [3,7]. On the other hand, ozonation, an advanced oxidation process, is a
promising alternative for oxidizing free cyanide and WAD complexes due to its high
oxidation potential (E° =2.07 V) [8].

Cyanide complexes can be oxidized to form cyanate (CNO™ ), CO,, and nitrogen, de-
pending on the operating conditions (pH, O3 dosage, retention time, etc.). These oxidation
reactions have been extensively studied [9]. Despite evidence of ozone’s effectiveness in ox-
idizing cyanides in mining slurries at the laboratory level, our understanding of oxidation
mechanisms and kinetics under real-world plant conditions remains limited [10]. Therefore,
this research proposes to address ozonation by directly injecting ozone into the slurry of an
operating mine. Specifically, the objective of this research is to evaluate the efficiency and
oxidation mechanisms of free cyanide and weak-acid-dissociable (WAD) species.

The anion CN™ is a strong binder of metal cations solvated in an aqueous solution, a
property used in many commercial processes, such as gold mining [1].

Cyanide compounds are used in large quantities, amounting to 2.6 million tons
annually. Sodium cyanide, used in precious metals refining, the chemical industry, and
electroplating, among other processes, accounts for 14% of global cyanide compound
production [1]. Some cyanide compounds are generated as solid waste, released into the
atmosphere, or associated with wastewater, as in aluminum production, the steel industry,
and gas production, to name a few; however, as pollutants, they are most commonly
found in water and soil. Due to the high toxicity of free cyanide (HCN and CN ™) in
freshwater systems, the maximum level is 22 ug/L, as aquatic organisms are significantly
more sensitive to cyanide than humans [1].

Cyanide compounds dissociating with a weak acid (at pH 4.5) are known as weak-
acid-dissociable cyanide (WAD cyanide) and are simple salts that can produce free cyanide.
Cyanide compounds that dissociate under the action of a strong acid (pH less than 2)
are more complex salts that are known as strong-acid-dissociable cyanide (SAD cyanide).
Under normal conditions, SAD cyanide is more resistant than WAD cyanide, forming a
stable complex in solutions of gold, iron, and cobalt.

Total cyanide refers to all cyanide compounds present in solution. Table 1 shows
the different cyanide species in the liquid phase [1], where metal-cyanide complexes are
divided into weak and strong complexes for industrial applications.

Table 1. Classification of metal-cyanide complexes in aqueous solution [1].

Phase Classification Compound
Free cyanide HCN,CN™

Weak complexes
Ag(CN)*~,CdCN~, Zn(CN);~, Cd(CN); , Cd(CN)3~
Strong complexes
Fe(CN)g ™, Fe(CN);™, Co(CN)g~, Au(CN),

Cyanate, thiocyanate CNO™,SCN~

Liquid (water) Metal-cyanide complexes

Organocyanides Nitriles, cyanohydrins
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The free cyanide corresponds to the soluble hydrogen cyanide (HCN (aq)), which is a
weak acid and can dissociate into the cyanide ion (CN ™), according to Reaction 1. The ther-
modynamic equilibrium of this reaction, like a function of pH and electrochemical potential,
is shown in Figure 1; at pH < 9.3, HCN is the dominant free cyanide species, whereas at
higher pH, the cyanide ion (CN™) is the dominant species. A positive electrochemical
potential is required to form cyanate (CNO™) under both acidic and alkaline conditions.

HCN(aq) = H" +CN~ 1)

[CN-]= 10"°M
—5 ] |

0 4 8
pH

Figure 1. Electrochemical potential vs. pH diagram for the system CN-H,O at 25 °C.

Hydrogen cyanide has a high vapor pressure; therefore, it volatilizes rapidly from lig-
uid surfaces under ambient conditions, reducing the cyanide concentration in the solution.
This means that cyanide leach systems are operated at pH values above 10 to minimize
losses [3]. Another pathway is that hydrogen cyanide and free cyanide can be oxidized
with little change in system potential, forming CN~, CNO~, and HCN (Figure 1).

The evolution of the species depends on the electrochemical potential and pH, cre-
ating opportunities for electrochemical oxidation, where the hydroxyl radical drives the
development of special electrodes, such as doped diamond boron (DDB), which offer a
wide potential window. However, this research establishes the basis for developing a new
process that maximizes efficiency while minimizing costs.

The stability of metal-cyanide complexes varies, requiring pH conditions ranging
from moderate to highly acidic for dissociation. As observed in reaction 2, the dissociation
of metal-cyanide complexes releases free cyanide [4].

M(CN)?” = M*' +xCN~ 2)

Weak metal-cyanide complexes are those in which cyanide ions are weakly bound to
the metal cation, allowing them to dissociate under mildly acidic conditions (pH = 4 to 6)
to release free cyanide. Because of their dissociative nature, these complexes are regulated
in concert with free cyanide in water [11].

Strong metal-cyanide complexes include those with heavy transition metals, such as
iron, cobalt, platinum, and gold. These complexes require highly acidic conditions (pH < 2)
to dissociate and release free cyanide. Compared to weak complexes, strong metal-cyanide
complexes are more stable in aqueous solution and are relatively less toxic [12].
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As shown below (reactions 3 and 4), free cyanide can be oxidized to cyanate (CNO™)
or hydrogen cyanate (HCNO), depending on pH [5].

CN™ +H,O = CNO™ +2H" +2¢~ 3)

HCN + H,O = HCNO +2H™" +2¢~ 4)

Strong oxidants, such as chlorine, hypochlorite, ozone, and hydrogen peroxide, can
oxidize free cyanide. However, chlorine generates highly toxic byproducts. Under neutral
to alkaline conditions, the final product is cyanate (CNO™), a non-toxic compound [13].

Gurol M.D. et al. (1985) studied the ozonation of free cyanide and found that ozone
(O3) primarily reacts with the cyanide ion, while its reaction with HCN is minimal [5]. It
was determined that the presence of free cyanide promotes the formation of free radicals
(HO-, HOO-), where both radical-driven reactions and the direct reaction of free cyanide
with ozone contribute to its oxidative destruction. Some of the responses identified by
Gurol and Bremen for the ozonation of free cyanide are as follows [5].

O3+ CN~ — CNO™ + 0, (5)
HCN + HO- — HCNO + HOO- (6)
CN™~ + HO- — CNO™ + HOO- @)

CN™ + HO- — -CN+OH"™ )
.CN + -CN — (CN), ©9)
(CN), +20H" — CNO™ +CN™~ + H,0 (10)

The direct reaction of molecular ozone with the cyanide ion corresponds to Reaction 6.
Other reactions of ozone with water, specifically with OH™, produce the superoxide radical
(O, ), which reacts strongly with ozone to form the hydroxyl free radical (HO) [14].

The ozonation reaction of free cyanide to cyanate is relatively slow; cyanate accumu-
lates in the solution until all free cyanide is completely oxidized.

Weak metal-cyanide complexes are generally readily oxidized by oxidizing agents,
such as ozone. Complexes with WAD-type bonds, such as those of nickel and silver,
oxidize more slowly. Complexes with weaker bonds, including cadmium, copper, and zinc,
decompose rapidly in ozone [14].

1.2. INCO Process

The INCO process (commercialized by INCO Ltd.) is widely used worldwide in the
mining sector and is one of the two patented processes for cyanide destruction using sulfur
dioxide. The INCO process is based on the oxidation of free cyanide and weakly complexed
metal cyanides (WAD cyanides) into cyanate via a mixture of sulfur dioxide (SO,) and air
in the presence of a soluble copper catalyst at a controlled pH. Complex cyanides, such
as iron cyanides, are reduced to ferrous and precipitate as insoluble copper—iron—cyanate
complexes. Residual metals released from WAD cyanide complexes precipitate as their
respective hydroxides [3].

Acid formation is possible during the reactions, so to maintain a pH between 8.0 and
9.0 in Reactions 11 and 12, lime is recommended for pH control.

Cu" Catalyst
S

CN™ 4 SO, + 0y + H,O CNO™ +S03™ +2H" (11)
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Cu®* Catalyst

M(CN);™ +4S50, 4 40, 4 4H,O
S

ACNO™ +4SO5 +8H™ + M*"  (12)

The theoretical SO, requirement is 2.46 g of SO, per gram of oxidized WAD cyanide,
although practical reports indicate variations ranging from 3.0 to 5.0 g of SO, per gram of
oxidized WAD cyanide [7].

The SO, required for the reaction can originate from liquid sulfur dioxide, sodium
sulfite (NapSOj3), or sodium metabisulfite (Na;S,0s5). Ammonium bisulfite (NH4HSO3)
solutions have shown promising results; however, one must be cautious about the potential
impact of ammonia addition to wastewater. It can supply oxygen to optimize the reaction,
or use high-pressure liquid oxygen; the choice of oxygen source significantly affects reaction
time [4].

The soluble copper catalyst is added as a solution of copper sulfate pentahydrate
(CuSO4-5H,0) at a proportion of 10-20% relative to the WAD cyanide concentration.

This process is widely used to treat tailings with cyanide concentrations ranging from
low to high. It aims to reduce cyanide levels to approximately 5 mg/L, thereby enabling
the treated solutions to be safely discharged [8].

A typical INCO process consists of two stages. In the first stage, sulfur dioxide,
lime, and copper sulfate are added, with continuous oxygen injection, to ensure complete
oxidation of cyanide. In the second stage, metal precipitation occurs, requiring the addition
of lime and other chemicals, such as ferric chloride [8].

The key process variables include retention time, air or oxygen feed rate, copper
concentration, pH, and sulfur dioxide feed rate. The amount of copper sulfate or alterna-
tive reagents is adjusted based on the WAD cyanide concentration, determined through
laboratory or pilot-plant evaluations.

Cyanide oxidation as a function of copper concentration and pH, showing greater
effectiveness at copper concentrations exceeding 10 mg/L within a pH range of 8 to 10; at
pH 11, Reactions 12 and 13 are reversible [8].

Table 2 presents the performance of the INCO process for cyanide destruction in
various mining operations. The minimum concentration of CNtot was obtained with the
lowest concentration of Cu?" for which lime was necessary. The optimal balance between
SO, and Cu?* in the INCO process must be identified to improve cyanide oxidation
efficiency, which requires a complete characterization of the ore, as its composition can
vary greatly from one region to another.

Table 2. Performance of the INCO process for cyanide oxidation in the world [8].

Mining Unit in the World CNror (mg/L) Reagent Usag.;e (/) CHror

Before After SO, Lime Cu?t

Colosseum 374 0.4 4.6 0.12 0.04

Ketza River 150 5.0 6.0 0 0.30

Equity 175 2.3 34 0 0.03

Casa Berardi 150 1.0 4.5 - 0.10

Westmin Premier 150 <0.2 5.8 - 0.12
Golden Bear 205 0.3 2.8 - -

Iron plays a complex and multifaceted role in the INCO process, serving as both a
reactant and a potential catalyst, and as a source of process complexity that warrants careful
consideration. Unlike copper, which functions primarily as a homogeneous catalyst, iron
in gold processing streams is predominantly present as strong metal-cyanide complexes,
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particularly ferrocyanide (Fe(CN)s*~) and ferricyanide (Fe(CN)g>~) species [9,11]. These
complexes are characterized by exceptionally high formation constants (log 3 values ex-
ceeding 30 for ferrocyanide), making them resistant to treatment by many conventional
cyanide oxidation methods. The INCO process, however, demonstrates a distinctive capa-
bility to destabilize and remove these strong complexes, providing a significant advantage
over alternative treatment technologies, such as alkaline chlorination, which is largely
ineffective against iron—cyanide species [12,13].

The presence of iron—cyanide complexes in cyanide detoxification circuits presents
both opportunities and challenges for INCO process operation. On the opportunity side,
the ability to remove stable iron—cyanide complexes provides more complete detoxifica-
tion than many alternative processes, resulting in lower total cyanide concentrations in
discharged solutions [14].

This comprehensive cyanide removal is particularly valuable for operations subject to
stringent discharge limits or those seeking to minimize environmental liability associated
with residual cyanide species. However, the precipitation of copper—iron—cyanide com-
plexes consumes the copper catalyst, potentially creating or exacerbating copper deficiency
issues if not properly managed. Additionally, the stability of iron—cyanide precipitates
under storage conditions must be considered, as these solids can decompose under ultra-
violet light, releasing free cyanide and undermining the detoxification achieved during
treatment [15].

2. Materials and Methods

Due to the high risks associated with SO, use, the mining industry has been using
alternative chemical reductants, such as ammonium bisulfite (NH4HSO3), operating at
pH 5-7. However, like the INCO process, this method also requires a high oxygen con-
centration, which currently results in high process costs (electric power, oxygen, copper
bisulfite, and ammonium bisulfite) [16].

The NH4HSO; concentration of 1 kg/ton was recommended as a best practice in the
mining industry; it was added in the corresponding proportion to maintain a constant
effluent volume of 1 L in a cylindrical reactor [17].

The experimental development was focused on exploring the use of ozone as an
alternative oxidation source to improve the degradation efficiency of WAD and free cyanide,
using a process based on the application of the INCO process with industrial gold mine
pulp, ammonium bisulfite (NH4HSO3), and copper as a catalyst.

In this first stage, a factorial design (3 levels) was conducted using the Statgraphics
18 program. Laboratory tests demonstrated the feasibility of using ozone to convert CN™
to cyanate.

Figure 2 shows the experimental system conducted in a 1 L cylindrical reactor
(Reacware, Albany, NY, USA) with a semispherical bottom to determine the transfor-
mation of CN™ upon ozone/oxygen injection. To start, 20 L drums were delivered to
the mine and stored in a dark, protected area. Before each experiment, the drums were
dynamically shaken for 1h. The system temperature was controlled by immersing the
reactor in a thermal bath. A cooling system was implemented to maintain a controlled
temperature in the alkaline trap, where the reaction gases were collected.

At the end of the ozone/oxygen injection exposure time, the pulp was filtered, and
the filtrate was analyzed to determine the concentrations of free and WAD cyanide.

After obtaining all possible combinations of the six process variables in the factorial
design, a fractional factorial design with 60 combinations was selected. The experimental
design encompassed all possible combinations of levels and factors, enabling a statistical
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evaluation of main effects and interactions. The experimental analysis was performed
using a Pareto chart and analysis of variance (ANOVA).

Ozone injection Ozone
L Ball reactor

generator

Air compressor,
and filters

Figure 2. Experimental system for ozone injection in a 1 L cylindrical reactor with an alkaline trap as
a safety measure.

The best results from the factorial design, based on the percentage of free cyanide
degraded, were used to optimize free cyanide degradation.

3. Results
3.1. Volumetric Plots

Based on the main variables of the INCO process: ozone/oxygen mixture (flow rate),
pH effect, temperature effect, ammonium bisulfite [NH;HSO3], and reaction time, an
experimental matrix comprising 60 tests was established.

Table 3 shows the range within which each variable was evaluated across the 60 tests
conducted in the fractional factorial analysis.

The O3/0; ratio was expressed in standard cubic feet per minute (SCFM) and moni-
tored in parallel with the ozone generation voltage, measured directly in the ozone genera-
tor within a constant volume system.

The pH range of 8-10 prevents the formation of HCN and CN . Preliminary results
indicated that the temperature range (25 to 45 °C) and reaction time (8 to 24 min) are
inversely related, yielding a more convenient reaction time for the oxidation of WAD
cyanide and free cyanide.
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Table 3. The evaluation range for each process variable implemented in the experimental matrix for
the WAD and free cyanide oxidation with ozone injection.

Variable ) Value to Be Evaluated (Levels)
(Factors) Units Minimum Medium Maximum

03/0; flow SCFM 3 6 9

pH - 8 9 10

Temperature °C 25 35 45

NH4HSOj3 concentration kg/ton 1 1.5 2

Reaction time Minutes 8 16 24

SCFM—standard cubic feet per minute.

Table 4 reports the average oxidation percentage of WAD and free cyanide, based on
60 tests, grouped into sets of 10 samples. It can be observed that free cyanide oxidizes more
rapidly, with higher oxidation percentages, than WAD cyanide.

Table 4. Average oxidation percentage of WAD and free cyanide, grouped into sets of 10 samples.

Group of 10 Samples  Average Oxidized WAD CN™ [%]  Average Oxidized Free CN™~ [%]

1 65.0555 £ 5.092 89.5088 £ 3.149
2 70.7480 £ 6.401 92.7790 £ 3.535
3 68.4090 £ 5.556 88.4700 & 5.876
4 61.2150 £ 8.510 64.9540 £+ 7.576
5 65.8910 £ 8.092 81.0210 £+ 6.734
6 72.1350 = 10.101 88.1150 4 4.891

Considering the average values reported in Table 4, free cyanide tended to oxidize
20% more under the optimal WAD cyanide oxidation conditions, reporting an average
value of oxidation of 84.1413% for free cyanide and 67.2423% for WAD cyanide.

To identify the process variable that most strongly contributes to oxidation, volumetric
plots were used to simulate the tendency of the variable towards cyanide oxidation.

The optimal values obtained for achieving 100% oxidation of WAD and free cyanide
fall within a 90% confidence range, as shown in the volumetric plots in Figure 3. These plots
display the interaction between O3/0O, flow, reaction time, and NH4HSO3; concentration
for WAD cyanide oxidation, as well as the interaction between O3 /O; flow, reaction time,
and pH for free cyanide oxidation.

According to the color coding in Figure 3, more than 60% of WAD cyanide can be
oxidized with the maximum O3 /0O, flow and reaction time. Combined with an NH;HSO3
concentration of over 1.8 kg/ton, it is possible to achieve more than 80% of WAD cyanide
oxidation. Free cyanide oxidation between 80% and 100% requires an intermediate O3/O;
flow, an intermediate reaction time, and a pH in the range of 8 to 9.2, indicating that a high
ammonium bisulfite concentration is not required for free cyanide oxidation.

These results suggest that it is necessary to maintain the maximum values in O3/O;
flow, reaction time, and NH4HSO3 concentration, with a pH of 8 to 9, to obtain the maxi-
mum free cyanide oxidation and a satisfactory WAD cyanide oxidation during the first step.
It is possible to increase WAD cyanide oxidation by adding a second oxidation step before
sending the residual material to the dam, ensuring the minimum cyanide concentration
that could pose an ecological problem.
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WAD Cyanide
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Figure 3. (a) Volume graphs with pH = 10 and temperature of 25 °C indicate the oxidation percentage
of WAD cyanide, and (b) volume graphs with NH;HSO3 concentration of 1.0 and temperature of
25 °C for the oxidation of free cyanide.

Pareto diagrams for WAD and free cyanide oxidation show the order in which the
variables impact the cyanide oxidation percentage. Being the more significant variables for
the oxidation of WAD cyanide, the next order is as follows:

03/02 flow > time > [NH4HSO3] > pH > temperature

For free cyanide oxidation, and according to prioritization in the Pareto diagram, the
main variables follow the next sequence:

O3/02 flow > time > pH > temperature > [NH4HSO3]

3.2. Results in Surface Plots

The following series of graphs presents the oxidation response percentages of WAD
cyanide and free cyanide with respect to two main variables: ozone concentration against
0O3/0; flow rate. The graph in Figure 4a shows that low ozone concentrations and a low
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03/0, flow rate have a slightly adverse effect on WAD cyanide oxidation compared to free
cyanide oxidation (Figure 4b). However, at high ozone concentrations and high O3/O;
flow rates, the effect becomes slightly positive, with better oxidation conditions for WAD
cyanide approaching 80% and for free cyanide reaching approximately 90%.

WAD Cyanide
0-10
_ 10-20
=, 100 20-30
E » 30 - 40
= 40- 50
2 60 50 60
i 10 60 - 70
2 70-80
c 20 80 - 90
LD) 0 90 - 100
<§E o

Free Cyanide

0-10
B o2

20-30
3040
| w-50
50— 60
6070
70— 80
80— 90

78" N o0-10

2.8 3.2 3.6 4560 0, fl
© a4 a4 44513 3/0; flow

(b)

Figure 4. (a) Plot of the effect of ozone concentration and O3/O; flow on (a) WAD cyanide and (b) free
cyanide oxidation during 16 min of ozone injection, under a temperature of 35 °C for both cases.

100F

Free cyanide oxidation [%]

The interaction effect between ozone concentration and pH for WAD cyanide oxidation
is minimal, as shown in Figure 5a. There is no significant change in oxidation levels
when ozone concentration is increased or decreased at higher or lower pH levels, with
an oxidation range of 60-70%. WAD cyanide oxidation does not depend directly on pH
variations; however, it is possible to increase the WAD degradation if the ammonium
bisulfite and copper concentration increase.
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Figure 5. Effect of ozone concentration and pH on the oxidation of (a) WAD and (b) free cyanide
during 16 min of ozone injections, under a temperature of 35° C for both cases.

In contrast, at low or high ozone concentrations and pH of 8 to 9.2, free cyanide
oxidation ranged from 80 to 90% (Figure 5b), where pH control is essential to maintain
thermodynamic equilibrium between HCN and CN ™.

The combined effect relationship between ozone concentration and temperature
(Figure 6a,b) exhibited a similar behavior to that observed between ozone concentration
and pH. The results showed no significant changes in WAD cyanide oxidation with the
increases or decreases in ozone concentration and temperature, maintaining an oxidation
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level of 60%. A slight rise in temperature between 41 and 45 °C reduces the oxidation
percentage to 50%.
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Figure 6. Effect of ozone concentration and temperature on the oxidation of (a) WAD and (b) free
cyanide, with a pH of 9 and time of ozone injection of 16 min for both cases.

Conversely, a higher percentage of free cyanide oxidation (80-90%) was observed with
increasing ozone concentrations at temperatures of 25-37 °C.

Increasing the temperature to 45 °C in both cases reduces the oxidation percentage for
WAD and free cyanide by approximately 10%.

An increase in ammonium bisulfite consumption of around 2 kg/ton slightly increased
the oxidation percentage of WAD cyanide to values around 70%, along with the high ozone
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concentration (Figure 7a). In contrast, the rate of free cyanide oxidation increased with
higher ozone and ammonium bisulfite concentrations (Figure 7b), reaching 80% and 90%
oxidation, indicating that a maximum concentration of ammonium bisulfite is necessary to
ensure WAD cyanide oxidation.
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Figure 7. Effect of ozone concentration and NH;HSOj3; consumption on the oxidation of (a) WAD and
(b) free cyanide with a pH of 9, a temperature of 35 °C, and 16 min of ozone injection for both cases.
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Increasing ozonation time results in a corresponding increase in the oxidation percent-
age of WAD cyanide, reaching approximately 70% at low ozone concentrations (Figure 8a).
Free cyanide oxidation becomes more evident with an increasing reaction time, particularly
at high ozone concentrations, with oxidation percentages reaching 90% (Figure 8b). The ox-
idation time determines the reaction kinetics, independent of ozone concentration. Greater
reaction time results in higher oxidation percentages of free cyanide than of WAD cyanide.
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Figure 8. Effect of ozone concentration and ozone injection time on the oxidation of (a) WAD and
(b) free cyanide with a pH of 9.0 and a temperature of 35 °C, for both cases.
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In the following sequence of graphs, the O3/0; flow was constant against ozone
concentration, pH, temperature, NH4HSO3 concentration, and reaction time.

Based on the results of all combinations established in the experimental matrix, Table 5
presents the estimated optimal values for the oxidation of WAD and free cyanide. The
optimal values for O3/O; flow, temperature, and ozone injection time are the same for
WAD and free cyanide. However, the optimal pH and NH4;HSO3 concentration differ
for WAD cyanide oxidation (10 and 2, respectively) compared with those for free cyanide
oxidation (8 and 1, respectively).

Table 5. Estimated optimal values for WAD cyanide and free cyanide oxidation.

Optimal Values for WAD  Optimal Values for Free

Factor Low High Cyanide Oxidation Cyanide Oxidation
[Ozone] Volts 2.8 4.8 2.8 2.8
03/0, flow SCFM 3.0 9.0 9.0 9.0
pH 8.0 10.0 10.0 8.0
Temperature °C 25.0 45.0 25.0 25.0
[NH4HSO3] kg/ton 1.0 2.0 2.0 1.0
Time (minutes) 8.0 24.0 24.0 24.0

The volume graphs, shown in Figure 3, clearly represent the estimated optimal values
for WAD and free cyanide oxidation. The volume corresponding to the maximum oxidation
value of free cyanide is greater than that of WAD cyanide oxidation. However, in both cases,
oxidation values above 70% are achieved, allowing for optimal WAD cyanide oxidation to
achieve maximum oxidation for both cyanide types.

4. Discussion

The mining industry can contaminate water sources with cyanide, forming free
cyanide, the most toxic form, at pH 9.3-9.5, where the anion (CN ™) and hydrogen cyanide
(HCN) are in thermodynamic equilibrium. The free cyanide concentration that lethally af-
fects the flora and fauna is 20-100 pug/L [18]. The World Health Organization recommends
a maximum concentration of 0.5 mg/L to affect humans; however, the severity of effects
depends on exposure duration and can include tremors and neurological effects [18].

The dissociation of WAD cyanide includes the free cyanide (HCN/CN™) and the metal-
cyanide complex at high- or low-acid conditions, depending on whether it corresponds
to a strong or weak complex; however, the complex dissociation is accomplished by the
release of free cyanide [19].

The WAD and free cyanide oxidation are promoted by the presence of free radicals
(HO, HOO), when ozone is present, thereby contributing to the slow formation of cyanate
(CNO™), a non-toxic compound [20].

The average oxidation percentages of WAD and free cyanide were 67.2423% and
84.1413%, respectively.

The optimal values of the O3/0, ratio, temperature, and reaction time could be
maintained constant, thereby favoring the oxidation of both cyanide species.

A pH of 10 and an ammonium bisulfite concentration of 2 kg/ton corresponded with
the optimal values for WAD cyanide oxidation.

As shown in Table 6, temperature and pH have a low impact on the oxidation of WAD
cyanide; however, ammonium bisulfite, ozone flow rate, and reaction time significantly
affect the reaction kinetics. The high concentration of ammonium bisulfite, maximum
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03/0; flow, and reaction time offer the possibility to improve the WAD cyanide oxidation
percentage, and, with the correct proportion of copper-like catalyst, obtain near 90%
of degradation.

Table 6. The effect of the main variables on the oxidation of WAD and free cyanide.

Variable
(Factors)

e 1" 17

pH 38 1"
Temperature [T1 [T1
concentration 11} 4
Reaction time tt tt

“—high impact; u—low impact.

On the other hand, temperature and ammonium bisulfite concentration are not sig-

WAD Cyanide Free Cyanide

nificant for the oxidation of free cyanide, indicating that ozone flow, pH, and reaction
time are essential to prevent hydrogen cyanide formation and to achieve maximum free
cyanide degradation (approximately 90%). Specifically, regarding temperature and ozone
performance, the literature indicates that ozone solubility in aqueous solutions decreases
considerably above 25 °C, which may be one reason for the observed reduced performance.
In addition, pH is a significant factor, as hydronium ions can promote ozone decomposition,
leading to less efficient oxidation at basic pH values [5,6].

pH is a relevant factor in maintaining thermodynamic equilibrium between the for-
mation of HCN and CN™ and in improving free cyanide oxidation; however, it is not
fundamental for WAD cyanide oxidation.

The statement regarding the two-stage oxidation of WAD cyanide is based on a
mechanistic interpretation rather than on experiments conducted exclusively at alkaline pH.

In the present study, all experimental work was intentionally performed under al-
kaline conditions (pH 8-10), which are industrially relevant and necessary to prevent
HCN volatilization. As shown in the volumetric and surface plots (Figures 3-8), the high-
est percentages of free cyanide oxidation were consistently observed at pH values near
8, confirming that free cyanide oxidation is kinetically favored under these conditions.
However, WAD cyanide oxidation remained lower because, at alkaline pH, the dissocia-
tion of metal-cyanide complexes is limited, reducing the availability of free cyanide for
subsequent oxidation.

Table 6 shows the correlations between the main factors and the high- or low-impact
effects on WAD and free cyanide oxidation, showing that the temperature and pH have a
low impact on WAD cyanide oxidation. On the other hand, temperature and ammonium
bisulfite concentration demonstrated a low impact on free cyanide oxidation.

Ozone solubility in aqueous solutions decreases considerably above 25 °C, which
could be one of the reasons for the reduced performance observed. In addition, pH is a
significant factor, as hydronium ions can promote ozone decomposition, resulting in less
efficient oxidation at basic pH values [9,10].
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Mechanisms responsible for the observed trends are not studied in this work and
could be further investigated in a future publication, given the many variables in this study.

5. Conclusions

Based on 60 experimental tests using a factorial design of the main variables in the
ozone oxidation process, it was confirmed that free cyanide is oxidized to a greater extent,
achieving an average oxidation of 84.1413% compared with WAD cyanide, which reported
an average oxidation of 67.2423%. The oxidation of WAD cyanide requires two stages,
considering that the dissociation of metal-cyanide complexes requires acidic pH conditions
in the first stage to produce the free cyanide, which reduces the oxidation kinetics of
WAD cyanide at pH values of 8, where the highest percentage of free cyanide oxidation
was obtained.

To facilitate decision-making, the order in which process variables impact WAD
cyanide and free cyanide oxidation is as follows:

For WAD cyanide oxidation,

Flowof O3/O2 > time > NH4HSO3 > pH > temperature
For free cyanide oxidation,
Flowof O3/02 > time > pH > temperature > NH4HSO3

It is confirmed that pH ranks fourth in terms of impact on WAD cyanide oxidation at
alkaline pH, whereas pH for free cyanide oxidation ranks third.

Ozone concentration, correlated with the O3/O; flow rate and time, is the primary
factor in the oxidation of both WAD cyanide and free cyanide.

The ozone molecule (O3) primarily reacts with free cyanide to form cyanate (CNO™),
and its reaction with HCN is minimal. Therefore, it is recommended to reduce HCN
levels by operating at high pH in the final stages of the process. The dissociation of the
metal-cyanide complex to produce free cyanide allows for the formation of free radicals
(HO-, HOO:), where both free cyanide and radicals contribute to the oxidative destruction
of cyanide.

Although the ozonation reaction of free cyanide to cyanate is relatively slow, the six
variables studied in the following order: ozone concentration, O3/O, flow rate, pH, tem-
perature, NH4HSO; concentration, and time, positively affect the oxidation of free cyanide.

Working at the recommended optimal WAD cyanide oxidation values also enables
free cyanide to reach 90%.

The reference to acidic pH is therefore conceptual and reflects well-established cyanide
chemistry, in which the dissociation of WAD metal-cyanide complexes occurs more readily
under mildly acidic conditions, generating free cyanide that can then be efficiently oxidized.
Our experimental results indirectly support this interpretation by showing that, although
free cyanide oxidation is maximized at pH ~ 8, WAD cyanide oxidation is kinetically
constrained under these conditions, thereby justifying the need for a two-stage approach.
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