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Sustainable Utilization of Bayer Process Red Mud in Subgrade Engineering: A
Comprehensive Review on Multi-Scenario Applications, Mechanical
Performance, and Environmental Implications

Abstract

The disposal of Bayer process red mud (BPRM), a major solid waste from alumina production, is a long-standing
environmental concern owing to its high alkalinity and potential for contaminant leaching. While various resource recovery
strategies have been explored, its comprehensive utilization rate remains disappointingly low, impeding the green transformation
of the aluminum industry. Highway engineering offers a practical solution for its bulk consumption, primarily through two
approaches: replacing conventional soil fills in subgrades and enhancing soil properties as a stabilization agent. Recent research
has systematically demonstrated the feasibility of these applications, leading to several successful full-scale projects. This paper
provides a comprehensive review of this field. It begins by characterizing the properties of BPRM, followed by a detailed
discussion on the mechanisms, technical performance, engineering applications, and environmental impacts of various red mud-
based subgrade materials, including modified red mud, red mud-based foamed lightweight soil, and red mud-stabilized soil. The
review concludes by highlighting the current challenges and proposing future research avenues to advance the resource utilization

of red mud in subgrade engineering.

Keywords: Bayer Process Red Mud (BPRM), highway subgrade engineering, soil stabilization, mechanical performance,

environmental safety
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1. Introduction

Aluminum serves as a critical fundamental material underpinning national economic development, strategic emerging
industries, and the modernization of defense-related science and technology. Owing to its advantageous properties, it is extensively
employed across diverse sectors, including construction, packaging, transportation, power generation, and aerospace. As China’s
industrialization accelerates, both the domestic demand for and production of aluminum have exhibited sustained growth.
According to data released by the International Aluminium Institute and the National Bureau of Statistics of China, the nation’s
primary aluminum (electrolytic aluminum) output reached 45.02 million tonnes in 2025, accounting for over 60% of the global
total (Figl).
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Fig.1 Primary aluminium production

The rapid expansion of the aluminum industry has raised considerable environmental concerns, particularly in relation to the
generation and management of red mud, a highly alkaline solid waste produced during alumina extraction from bauxite. This
extraction process is a key step in the production of primary (electrolytic) aluminum and is predominantly carried out using the
Bayer process [1-3] . For every metric ton of aluminum produced, approximately 2.0 to 3.2 metric tons of red mud are generated
[4-7].

Bayer process red mud(BPRM) is characterized by its high pH, elevated salinity, and fine particle size, which collectively
hinder its large-scale valorization. As a result, red mud is primarily managed through on-site impoundment using dam structures.
Wet-stacked red mud contains substantial quantities of caustic liquor, which poses a serious risk of leachate migration into surface
and groundwater systems, potentially disrupting aquatic ecosystems. In contrast, dry-stacked red mud is prone to wind erosion due
to its fine and desiccated nature, leading to fugitive dust emissions. These airborne particulates can contribute to ambient air

pollution and facilitate the dispersion of alkaline substances and trace metals, resulting in soil degradation and vegetation stress in
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surrounding areas. In some areas, residential areas and farmlands are distributed in the vicinity of red mud stockpiles, which
further exacerbate the environmental risks (Fig.1). Such environmental risks underscore the urgent need for sustainable red mud

management strategies and mitigation measures [8—12] .

161 FLRE

Fig.2 Red mud stockpile together with surrounding residential areas and farmlands

In response to the significant environmental challenges associated with the stockpiling of BPRM, extensive efforts have
been made in recent years to explore its safe and comprehensive utilization. Currently, BPRM has been investigated as a secondary
resource for the recovery of valuable components such as Al,O;, Fe,Os, TiO,, and a range of rare and trace metals [13—16]. In
addition, it has found potential applications in the production of cement clinker and red mud bricks for use as construction
materials [17-22] . BPRM has also been utilized as an alkaline activator for the synthesis of geopolymer materials [23-29], and as
a functional material for the adsorption of pollutants from wastewater and the remediation of acidic soils [30-37]. These diverse
utilization pathways offer promising avenues for mitigating the environmental burden posed by red mud disposal.

Although BPRM has demonstrated feasibility in multiple valorization pathways, its comprehensive utilization remains
limited in scale. In 2023, China generated 107 million tons of red mud, with only over 10 million tons utilized, resulting in a
utilization rate of merely 9.8%. Globally, red mud valorization rates do not exceed 15% [14, 38]. As a resource-intensive sector,
highway engineering requires large-scale material consumption. Subgrade construction for standard four-lane expressways in
China’s plains and hilly regions consumes approximately 130,000 m? of soil per kilometer. Employing red mud as replacement fill
or stabilization material through waste-based soil replacement and waste-based soil stabilization strategies offers dual benefits:

mitigating environmental contamination while addressing infrastructure material deficits. This approach aligns with green
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development objectives by diverting industrial waste streams, thereby advancing resource sustainability with significant scalability
potential.

The utilization of red mud in subgrade engineering has garnered substantial research attention, with numerous studies
exploring its potential as a substitute for subgrade soil and in the development of red mud-based cementitious materials for soil
improvement [11, 39—47]. Notable engineering implementations have validated the feasibility of recycling BPRM in subgrade
applications [5, 40]. While existing literature has extensively documented the resource utilization of BPRM, these studies
predominantly focus on single-material modification or specific application scenarios, thereby lacking a systematic overview of its
multi-scenario resource utilization in subgrade engineering.

Several reviews have already addressed red mud in road engineering. Mukiza et al. [49] surveyed the use of red mud in road
base and subbase courses, concentrating on the strength-formation mechanism and leaching of a single red-mud-based road base
system, whereas Singh et al. [45] reported experimental investigations of red mud as a road construction material and Silveira et al.
[48] reviewed construction applications of red mud more broadly while giving limited attention to subgrade mechanics and in-
service leaching; Jia et al. [9] reviewed engineered treatments of red mud, including construction materials and metal recovery.
None of these integrates the three parallel material families treated here, namely replacement fills, composite-modified red mud,
and red-mud-based foamed lightweight soil, nor compares them on a common set of mechanical, stiffness-related and
environmental indicators. The present review therefore treats replacement and stabilisation as two distinct design logics rather than
one, consolidates the coupled mechanisms governing composite modification into a single framework, and traces the
environmental evidence from static batch leaching through dynamic column tests to coupled modelling and field monitoring.

This review aims to systematically summarize the current status of BPRM resource utilization in subgrade engineering,
encompassing its application as a substitute for subgrade soil and in the stabilization of various engineered soils. It investigates the
underlying mechanisms and technical performance of BPRM under different subgrade engineering contexts, evaluates the
environmental risks associated with its application, reviews international case studies of BPRM in subgrade projects, and outlines
future research directions. The overarching objective is to broaden the engineering applications of BPRM and facilitate its large-

scale sustainable implementation for waste reduction.

2. Systematic Review Methodology
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2.1. Literature Search Strategy

A comprehensive literature search was conducted across four core academic databases: Web of Science, Scopus,
ScienceDirect, and OpenAlex. The search period was set from January 2016 to July 2026, to cover the latest research progress in
the field over the past 10 years. The Boolean search string used was:

(“Bayer red mud” OR “red mud” OR “Bayer process red mud”) AND (“road subgrade” OR “highway subgrade” OR “road
embankment” OR “subgrade fill” OR “pavement subgrade” OR “subgrade material” OR “soil stabilization” OR “soil improvement”

OR “road foundation”)

2.2. Inclusion and Exclusion Criteria

To ensure the relevance and quality of the included literature, the following inclusion and exclusion criteria were
established:

Inclusion Criteria: (1) Peer-reviewed journal articles, review papers, and conference proceedings; (2) Research focusing on
Bayer process red mud (excluding sintering process red mud); (3) Research related to highway subgrade engineering scenarios
(embankment fill, subgrade bed, subgrade soil stabilization); (4) Research reporting material properties, modification mechanisms,
mechanical performance, engineering applications, or environmental safety of BPRM.

Exclusion Criteria: (1) Research focusing on non-Bayer process red mud; (2) Research focusing on pavement surface, base,
or subbase layers (excluding subgrade); (3) Non-road application scenarios (e.g., building materials, wastewater treatment, metal
recovery); (4) Duplicate publications, abstract-only papers, book chapters, and patent documents.

According to the inclusion and exclusion criteria above, a total of 220 relevant literatures were retrieved, their detailed

distribution were presented as Fig3.
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Fig.3 Relevant literatures distribution

3. Fundamental Properties of BPRM

3.1. Generation process of BPRM

Red mud is the primary solid waste produced by the alumina industry. The alumina production processes fall into four
categories: alkaline, acid, combined acid-base, and thermal methods. The industrial production mainly uses alkaline methods,
which primarily include the Bayer process and the sintering process [21, 38, 48]. Characterized by its simple flowsheet, operational
convenience, and high-quality output, the Bayer process is adopted by approximately 95% of global enterprises for alumina
extraction [2, 6, 49]. This process is suitable for refining high-grade bauxite with a silica ratio ranging from 7 to 10 [50]. The
fundamental principles of the Bayer process involve three sequential steps: extraction, precipitation, and sintering:

Extraction: Under conditions of elevated temperature and pressure, aluminum hydroxide in bauxite reacts with sodium

hydroxide to produce a soluble sodium aluminate solution.

AIOH),(s) + NaOH(aq) —> Na* + AI(OH); (aq) (D

AIO(OH)(s)+ NaOH(aq)+ H,0 — Na* + AI(OH); (aq) 2)
Precipitation: The sodium aluminate solution resulting from leaching is diluted and cooled, after which aluminum
hydroxide seed crystals are added. The alumina in the solution progressively precipitates, forming aluminum hydroxide precipitates.

Na* + AI(OH), (aq) — AI(OH),(s)+ NaOH(aq) 3)
Sintering: The washed and filtered aluminum hydroxide is calcined at temperatures above 1000°C to remove crystalline

water, ultimately yielding the alumina product.

24I(OH),(s) = ALO,(s)+3H,0(g) (4)
The Bayer process typically uses a concentrated sodium hydroxide solution to convert aluminum hydroxide into sodium
aluminate. By diluting the solution and adding aluminum hydroxide seed crystals, aluminum hydroxide is re-precipitated, and the
remaining sodium hydroxide solution is recycled for subsequent bauxite processing, facilitating continuous production. The main
process flow (Fig. 4) comprises: raw pulp preparation, high-pressure leaching, dilution of the pressurized leaching slurry and red
mud separation/washing, seed decomposition, classification/washing of aluminum hydroxide, calcination of aluminum hydroxide,
and mother liquor evaporation. During the leaching process, oxides of iron, silicon, and titanium in bauxite partially remain

unreacted in the solid phase. These residues, after precipitation and filtration, form red mud.
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Fig.4 Schematic diagram of Bayer process production process

3.2. Chemical Characteristics of BPRM

The chemical composition of red mud from the Bayer process comprises A1:03, Fe>03, CaO, SiO;, Na,O, among others, and
the concentrations of these components are significantly influenced by factors including the origin of the bauxite, the processing
technology, and the duration of stacking [6, 51-53]. Based on publicly available data from domestic literature and the sampling
analysis of BPRM conducted by the authors at Chinalco Zhongzhou Aluminum Co., Ltd. (located in Xiuwu County, Henan
Province), the chemical composition of BPRM is primarily dominated by Fe;O3, A1:O3, and SiO; (Table 1). Although it contains a
considerable amount of silicon and aluminum components, most of these elements exist in the form of stable aluminosilicates,

resulting in low reactivity [17, 54]. The content of Fe;O3 in BPRM can reach up to 50% (Fig.5), hence its overall appearance is

characterized by a reddish-brown color (Fig. 6).

Table 1 Main chemical components of BPRM in China

Source location AlLO; Fe O3

Si0, CaO

Na,O References

Zouping, Shandong 19.9 51.1

10.4 1.3

74 [55]



Zibo, Shandong 21.4 34.3 20.1 32 2.0 8.1 [56]
Binzhou, Shandong 21.9 22.7 18.6 11.7 7.1 10.2 [57]
Xingyang, Henan 24.5 10.9 21.6 15.8 2.3 7.4 [58]
Taiyuan, Shanxi 243 9.4 20.2 18.3 / 9.6 [59]
Qingzhen, Guizhou 13.7 14.4 18.6 31.1 4.8 13.4 [56]
Baise, Guangxi 21.6 29.5 15.1 11.5 5.6 9.2 [42]
Sp., Henan 3.32 20.1 13.3 32.0 3.8 10.9 [60]
Yantai, Shangdong 27.8 35.8 15.1 1.9 6.0 12.0 [61]
Gongyi, Henan 20.9 26.1 27.3 8.2 / 9.6 [62]
Zibo, Shandong 17.9 339 19.4 2.7 / 12.2 [63]
Liaocheng, Shangdong 26.3 354 17.5 1.4 / 12.9 [64]
Xiuwu, Henan 20.2 31.6 243 3.0 34 5.1 /
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Fig.5 Chemical components content of BPRM



10

11

Fig.6 Appearance of BPRM (Photo taken at the storage yard of Chalco Zhongzhou Aluminum Co., Ltd.)

The alkalinity of BPRM is an intrinsic inheritance of the digestion chemistry rather than a property of the bauxite itself.
During Bayer processing, concentrated NaOH liquor dissolves the aluminium-bearing phases of the ore, and the sodium that is not
recovered with the pregnant liquor is discharged with the residue, so that BPRM typically carries 2-10 wt.% Na»O, with values of
6.79 wt.% NaO and 1.37 wt.% K,O reported for a representative Chinese refinery residue [65]. Contemporary reviews consistently
partition this alkali into two chemically distinct reservoirs: soluble free alkali (SFA) and chemically bound alkali (CBA) [66, 67].

The SFA originates from the caustic liquor entrained in the residue pore space that cannot be fully recovered by counter-
current decantation washing; it comprises NaOH, NaAl(OH)4, Na;CO3, NaHCO3 and Na;SiO3, together with minor KOH and
K>CO3, and accounts for only about 20-25 % of the total alkali [67—70]. Under evaporative conditions, these alkalis readily migrate

to the material’s surface, inducing the phenomenon of efflorescence [71] (Fig. 7).
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Fig.7 BPRM surface “efflorescence” phenomenon (photo taken at the storage yard of Henan Baiaoheng New Material Technology
Co., Ltd.)

The CBA accounts for about 75-80% of the total alkali, which is structurally incorporated in the desilication products,
principally sodalite (/NasAlsSisOz4]-[2NaX or Na>X], X = OH , CO5*~, CI", SO#") and cancrinite (/NasAlsSis024]-2CaCO:3),
accompanied by calcium-bearing alkaline phases such as ftricalcium aluminate (Cas3Al;(OH);2), hydrogarnet
(CaszAl(SiO4)<(OH) 12-4) and calcite [67, 72].

The fresh BPRM reports high pH value of 10-13 [3, 4, 69, 73—75], the initial pH value is set by instantaneous dissolution of
the SFA, which releases OH~, COs*", AI(OH)+  and SiOs?". During long-term service, following mineralization and precipitation
reactions, alkaline mineral phases such as sodalite, cancrinite, hydrogarnet, and calcite undergo partial dissolution, establishing a
dissolution equilibrium. This process stabilizes the concentration of alkaline anions (e.g., OH", COs?) in the solution [66, 69],

maintaining the high pH value of BPRM.

3.3. Engineering Characteristics of BPRM

3.3.1.  Particle Characteristics

After undergoing processes such as grinding and filtering, the particles of BPRM are relatively fine. At the microscopic
level, scanning electron microscopy (SEM) images of BPRM display numerous micrometer-scale fine particles (Fig. 8a), which

aggregate into loose, porous macroparticles with rough surfaces (Fig. 8b) [54]. Consequently, BPRM has a high specific surface
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area, typically ranging from 64 to 186 m?/g [76], which is significantly higher than that of limestone powder at similar particle
sizes [50]. At the macroscopic level, the fine fraction, which includes particles smaller than 0.075 mm (consisting of silt and clay),
constitutes over 90% of the BPRM [4, 54, 77], classifying it as a typical fine-grained soil. Due to variations in bauxite grinding,
processing conditions, and hydrodynamic forces during wet disposal, the proportions of silt and clay differ: some samples are

dominated by silt [4], resembling silty soil, while others are rich in clay [56], resembling clayey soil.

3pm EHT= 2.00kV Signal A= SE2 Date: 26 Aug 2023 500 nm EHT = 2.00 kV Signal A= SE2 Date: 26 Aug 2023
f ! WD= 7.9 mm Mag= 3.00KX Time: 18:49:05 f ! WD = 7.9 mm Mag= 20.00K X Time: 18:47:21

(a)

Fig.8 SEM Microscopic morphology of BPRM particles[54]  (a)3 000X (b)20 000 X

(b)
3.3.2.  Natural Moisture Content

In the production of alumina, bauxite is subjected to high-pressure digestion and subsequent processes, which yield a slurry
consisting of a sodium aluminate solution and red mud. Traditionally, BPRM is primarily disposed of using the wet disposal
method, and the fine particles carry a net negative surface charge and are strongly hydrophilic, so a thick adsorbed water film
persists even after pressure filtration and the as-discharged mud retains a natural moisture content ranging from 35% to 45%,
sometimes it can be as high as nearly 50% [40, 56, 78]. In recent years, regions such as Guizhou and Shanxi have updated
traditional wet disposal methods by integrating filtration and dewatering processes. This has significantly reduced the water content
of BPRM to below 30%. As a result, this advancement facilitates dry disposal of red mud, thereby mitigating environmental

pollution and decreasing the land required for storage.

3.3.3.  Boundary Water Content and Classification of Fine-Grained Soil

Based on data from published literature, BPRM typically exhibits a liquid limit ranging from 40% to 60% and a plastic limit
between 30% and 40%, both of which are relatively high. Its plasticity index is generally less than 17, commonly falling within 10
to 16 [56, 58, 78]. According to the provisions for soil classification specified in the Chinese standard “Test Methods of Soils for

Highway Engineering” (JTG 3430-2020), the plasticity index of red mud predominantly plots below the A-line on the plasticity



10

11

12

13

14

15

16

17

18

19

20

21

chart. This indicates characteristics more akin to silt (Table 2).

Table 2 Limit moisture content and classification of fine grained soil of BPRM

Source Location Liquid Limit (%) Plastic Limit (%) Plasticity Index Classification of Fine-Grained Soils References
Zhengzhou, Henan 48.2 36.5 11.7 ML [58]
Qingzhen, Guizhou 50.0 34.7 15.3 MH [56]
Qingzhen, Guizhou 49.6 353 14.3 ML [56]
Qingzhen, Guizhou 49.8 34.6 15.3 ML [56]
Zibo, Shandong 58.5 42.1 16.4 MH [78]
Binzhou, Shandong 51.4 36.1 15.3 MH [78]
Sp., Henan 50.2 33.8 10.4 MH [60]

4. Waste-for-Soil Replacement: BPRM as Sustainable Subgrade Fill Material

The engineering properties of BPRM resemble those of silt, characterized by high natural moisture content, high liquid
limit, low strength, and poor water stability. Consequently, it is generally unsuitable for direct use as subgrade fill material [40, 79,
80]. A common method involves using BPRM as the main filling material, which must constitute at least 50% by mass, while
incorporating other materials to improve its technical properties, thus fulfilling the requirements for subgrade construction
materials. Currently, this is primarily implemented through three methods: (1) substituting conventional subgrade soil with single-
material modified red mud, (2) substituting conventional subgrade soil with composite-material modified red mud, and (3) using

red mud-based foamed lightweight soil.

4.1. Single Material Modified BPRM

Single-material modification entails the incorporation of solely one type of modifying agent into BPRM, which can be
either traditional cementitious materials like cement or lime, or industrial waste residues (such as steel slag or phosphogypsum.

This approach aims to enhance its road performance characteristics.
4.1.1.  Modification with Traditional Cementitious Materials

1. Modification Mechanism

As traditional cementitious binders, the incorporation of cement or lime into BPRM markedly improves its mechanical
properties through four coupled mechanisms: cement/lime hydration, pozzolanic reactions, carbonation, and ion exchange [49, 81].
The rapid hydration of cement produces a significant amount of calcium silicate hydrate (C-S-H), which quickly enhances the early
strength of red mud [82]. By contrast, lime cannot self-hydrate into the complex hydration products formed by cement; instead it

relies on the reactive silica and alumina inherently present in the red mud to generate cementitious products through pozzolanic
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reactions. Strength gain with lime is therefore initially slower, but it progresses to a stable long-term value [49, 83]. Moreover, the
carbonation of lime precipitates calcite crystals that infill pores and increase the density of the matrix [81].

Upon mixing cement with BPRM(Fig.9a) , the alkaline environment of the red mud accelerates the hydration reaction of the
cement, leading to the formation of Ca(OH); and calcium silicate hydrate (C-S-H) gel [82]. Concurrently, active silica (SiO:) and
active alumina (A4/;03) components within the BPRM react with calcium hydroxide (Ca(OH),) released during cement hydration
through a pozzolanic reaction, generating additional cementitious gels, primarily calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H) [83, 84]. These C-S-H and C-A-H gels encapsulate and bind the red mud particles, forming a three-
dimensional network structure(Fig.9b) [56, 77, 78, 85, 86].

Furthermore, calcium ions (Ca?’) from the cement can undergo ion exchange with lower-valence cations, such as sodium
(Na*) and potassium (K*), adsorbed on the surface of the BPRM particles(Fig.9¢c) [87]. This exchange compresses the thickness of
the electrical double layer (EDL), weakens inter-particle repulsive forces and promotes particle agglomeration, thereby reinforcing
the three-dimensional network. Additionally, the fine particles of cement hydration products fill the pores within the BPRM
microstructure, contributing to a denser coagulated structure [85]. The combined effect of chemical gelation and physical pore

filling constitutes a dual synergistic mechanism that markedly strengthens the mechanical performance of BPRM(Fig.9).
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The modification mechanism of lime on BPRM shares similarities with that of cement, with the key distinction that lime
does not undergo hydration to form multiple complex hydration products like cement. Instead, lime relies primarily on the active
Si0; and A/,03 components within the red mud. Under alkaline conditions, these components react with lime via pozzolanic
reactions to generate C-S-H and C-A-H gels [83, 87]. Additionally, the Ca(OH) from lime gradually reacts with atmospheric CO;
through carbonation, forming CaCO; crystals(Fig.9d). These crystals fill pores and enhance structural compactness, thereby
improving the strength of the BPRM [81].

Table 3 Mechanisms and key products of BPRM modified by cement and lime

Mechanism Key Reaction Products References
Cement hydration C-S-H, NASH (sodium aluminosilicate hydrate), hemicarbonate [88] [82]
Pozzolanic reaction C-A-S-H, zeolitic hydrates [89] [83]
Carbonation Calcite, dawsonite [90] [91]
Ion exchange Ca?* absorption on RM particles [87]

The modification mechanisms of cement and lime on BPRM share fundamental similarities but exhibit key differences.
Consequently, the technical performance of modified red mud shows both comparable characteristics and distinct variations. When

the additive content is < 10%, the California Bearing Ratio (CBR) of cement- or lime-modified red mud gradually increases with

higher additive dosage, though the rate of improvement progressively diminishes. At lower dosages (<6%), lime-modified red mud
demonstrates significantly superior CBR values compared to cement-modified samples at equivalent additive levels. Conversely, at
higher dosages (>6%), cement-modified specimens exhibit greater strength (Fig. 10a) [56]. Notably, when lime dosage exceeds
10%, the CBR of lime-modified red mud decreases with further lime addition (Fig. 10b) [86]. Therefore, for both technical and

economic reasons, the lime content should be optimised rather than maximised during modification. This non-monotonic behaviour
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is corroborated by independent road-base studies: lime-stabilised red mud satisfies strength requirements only within a bounded
dosage window, whereas an excess of unreacted lime leaves fines that dilute the matrix and reduce compactness [86].
Quantitatively, red mud stabilised with 3-10 % cement reached 7-day UCS of 0.8-6.0 MPa, whereas 5-30 % lime gave only 0.30-
1.67 MPa at 7 days and 0.65-3.60 MPa at 28 days, and its durability criteria were not met - directly confirming the faster, stronger

early response of cement relative to the slower pozzolanic development of lime [92].
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Fig.10 Strength of cement and lime modified BPRM under different dosages [56][86]

Beyond the fundamental reaction mechanisms described above, the choice of a single cementitious binder, Portland cement
or lime, represents the two most extensively studied routes for stabilizing BPRM as a road-base or subbase material. Although both
binders ultimately exploit the active SiO: and AL:Os fractions of the red mud to generate a continuous C-S-H/C-A-H gel network
that encapsulates particles and fills pores, their reaction pathways and engineering consequences differ markedly. Cement
modification is governed by rapid hydration supplemented by pozzolanic reactions, giving fast early-age strength gain and, above -
6 % dosage, a higher strength than lime at an equivalent binder content [56, 82, 83]. Lime, by contrast, lacks self-hydration into
complex hydrates and relies primarily on the slower pozzolanic reaction together with atmospheric carbonation for strength
development; its CBR increases with dosage up to ~10 % but declines beyond this optimum because of excess free lime [81, 86].
These distinctions in reaction products, strength evolution, and dosage sensitivity are consolidated in Table 4, which provides a
side-by-side comparison to support binder selection for BPRM-based pavement courses.

Table 4. Comparison of cement vs. lime modification of BPRM

Feature Cement modification Lime modification References

Portland cement hydrates:

Binder hydration C.S/C,S +H,0 - C—S—H+Ca(OH), No self-hydration into complex products [82] [83]

Dominant reactions Hydration + pozzolanic + ion exchange Pozzolanic + carbonation [82] [83] [81]
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Cementitious products C-S-H, C-A-H, residual Ca(OH). C-S-H, C-A-H, CaCO:s [82][83][81]

Early-age strength Develops rapidly (fast hydration) Slower initially (depends on pozzolanic rate) [49] [82][92]
Long-term strength High, continues to gain Stable once pozzolanic development completes [49] [86] [92]
Typical UCS 0.8-6.0 MPa (7 d, 3-10% binder) 0.30-1.67 MPa (7 d) / 0.65-3.60 MPa (28 d, 5-30% binder)  [92]

Dosage - CBR trend CBR rises with dose; above ~6% surpasses lime CBR rises then declines once lime > 10% [86] [56]

2. Engineering Applications

The 7-day unconfined compressive strength (UCS) of BPRM modified solely with either cement or lime also demonstrates
significant enhancement[56]. At a 10% additive dosage, the maximum 7-day UCS reaches nearly 2.0 MPa(Fig.11). Consequently,
BPRM modified with a single cementitious agent (cement or lime) not only satisfies the technical requirements for roadbed fill
materials but also meets the strength criteria specified in current Chinese standards for inorganic stabilized subbase layers in Class
IT and lower-class highways. These criteria refer to the roadbed fill requirements of JTG D30-2015 and to the strength criteria for
inorganic binder-stabilised materials in JTG/T F20-2015; because such limits are jurisdiction-specific, they describe Chinese

practice only and equivalent criteria elsewhere should be verified separately.
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Fig.11 7 d unconfined compressive strength of cement and lime modified BPRM under different dosages[56]
Notwithstanding the satisfactory strength attained by single-binder modification, full-scale engineering practice favors
composite stabilization systems. Road subgrade must simultaneously meet comprehensive performance criteria, notably water
stability, frost resistance, and long-term durability, that a sole cement or lime addition can hardly secure on its own. Consequently,
stabilization of BPRM with a single cementitious agent (cement or lime alone) has, to date, remained largely confined to laboratory
strength verification and pilot-scale trials; whereas production-level pavement construction has predominantly adopted blended
binders (e.g., cement or lime combined with fly ash, ground granulated blast-furnace slag, or mineral aggregates) to reconcile

strength gain with serviceability under field conditions.
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4.1.2.  Modification with Industrial Waste Residues

1. Modification Mechanism

Industrial waste residues, such as blast furnace slag, steel slag, and desulfurization gypsum, contain appreciable amounts of
calcium (Ca), silicon (S7), aluminum (4/), and iron (Fe) oxides. These components exhibit latent reactivity and undergo chemical
reactions analogous to those of cement and lime. Under alkaline conditions, they participate in hydration and pozzolanic reactions,
enhancing the strength of BPRM through cementation and pore-filling effects.

Blast furnace slag (BFS), an industrial by-product of iron smelting, primarily consists of CaO, SiO>, and A/:0s, exhibiting
latent reactivity. Modification of red mud with BFS significantly enhances key mechanical properties, including the California
Bearing Ratio (CBR), resilient modulus, and unconfined compressive strength (UCS). Notably, these improvements persist under
immersed conditions, demonstrating retained strength [93]. Given that reactive components (CaO and SiO;) constitute
approximately 70% of BFS, a composition analogous to ordinary Portland cement, the application parameters established for
cement-modified red mud may be referenced for optimal utilization.

Steel slag, a by-product of steel smelting, shares compositional similarities with blast furnace slag but differs primarily in its
significant iron oxide (FeO/Fe;0;3) content. While steel slag significantly enhances mechanical properties such as unconfined
compressive strength (UCS) in modified red mud and facilitates rapid strength development, unprocessed steel slag contains
notable amounts of free lime (f~CaO) and free magnesia (~MgO). These reactive phases induce substantial volumetric expansion in
the modified material (Fig. 12) [56]. Furthermore, due to its inherently weak cementitious properties, steel slag-modified red mud
exhibits poor strength retention under immersed or freeze-thaw conditions [56]. Consequently, it is recommended to employ aged
steel slag treated via thermal steam aging or carbonation curing for red mud modification. Additionally, steel slag-modified red
mud should be avoided as roadbed fill in high-precipitation regions or areas subject to freeze-thaw cycles.

4.0
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Fig.12 CBR Expansion Rate of Modified Red Mud [56]

Desulfurization gypsum (DG), a by-product of flue gas desulfurization in coal combustion, primarily consists of calcium
sulfate dihydrate (CaSO+2H>0) with minor quantities of Fe:Os and A/:Os. Compared to lime or blast furnace slag at equivalent
dosages, DG demonstrates relatively weaker enhancement of the California Bearing Ratio (CBR) in modified red mud. Critically,
after 24-hour water immersion, DG-modified specimens disintegrate completely [93]. Given this pronounced water sensitivity,
similar to steel slag-modified systems, DG-treated red mud is not recommended for roadbed construction in high-precipitation
regions or freeze-thaw environments.

2. Engineering Applications

Single-material modification effectively enhances the road performance of BPRM, with significant improvements observed
in the California Bearing Ratio (CBR). Laboratory testing confirms compliance with current specifications for roadbed fill
materials. However, given the material’s persistent strong alkalinity and heavy metal leaching potential, large-scale implementation
of single-material modified red mud remains limited in China. According to published literature, Greece pioneered a full-scale test
section in the 1990s using red mud modified with 4% (by mass) fly ash. This 75-meter-long test embankment with 3-meter fill
height (Fig. 13a) exhibited remarkable performance after five years of service: overall structural integrity was maintained with only
1 cm settlement (Fig. 13b) [94]. This case offers valuable reference for future engineering applications of single-material modified

BPRM.

(@) (b)

Fig.13 BPRM embankment in Greece (a)initial period of opening to traffic (b)5 years after opening to traffic [94]

4.2. Composite Modified BPRM

1. Modification Mechanism
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Composite modification blends two or more binders, such as cement, lime, steel slag, blast furnace slag, phosphogypsum, or
polymers, into a tailored composite modifier at optimized ratios. The modifier is then mixed into BPRM to improve its physico-
mechanical properties. The mechanism parallels that of cement or lime stabilization, with the cementitious action of cement and
lime as the principal driver. Industrial residues supply reactive oxides (e.g., SiOz, 4203, CaO) that form additional cementitious
phases. Their synergistic interaction raises the technical performance of BPRM.

Studies confirm that the gain is robust across a wide range of formulations and is anchored in the cementitious action
described above. All five investigations report order-of-magnitude increases in California Bearing Ratio (CBR), from 2.6 to 128.5
[56], 4.3 to 124 [40], 6.6 to 389.5 [93], and 2.8 to 94 [95], together with 7-day unconfined compressive strength (UCS) of 1.91 to
5.52 MPa [40, 56, 78, 93, 95]. Critically, Sun Zhaoyun [78] showed that a cement, lime, phosphogypsum, and polymer composite
surpassed single-binder treatments at equal dosage, indicating that the improvement arises from component synergy rather than
from the dosage of any single constituent. The chemistries involved are diverse, spanning cement, lime, and steel slag with a
polymeric chelator [56], cement, lime, phosphogypsum, and polymers [78], cement, phosphogypsum, and polymer [40], lime, blast
furnace slag, and desulfurization gypsum [93], and a cement, phosphogypsum, ferrous sulfate, silica, and polyacrylamide system
(Heinchem) [95], yet all converge on the same outcome. This convergence is consistent with a mechanism driven by cementitious
hydration and polymer adsorption. Benefits extend beyond strength. Shijie Ma et al. [40] lowered the liquid limit from 51.4% to
37.2% (plasticity index 13.3 to 15.1), improving workability, while Wang Chaoyi [93] retained high CBR and a 7-day UCS of 5.52
MPa under immersed conditions, indicating durability.

Table 5. Strength of composition-modified BPRM

Material Composition Dosage (%) CBR 7-day UCS (MPa) References
cement, lime, steel slag, polymeric heavy metal chelator 5 128.5 1.91 [56]
cement, lime, phosphogypsum, polymers 8 / 3.83 [78]
cement, phosphogypsum, polymer 8.7 124 4.5 [40]
Lime, blast furnace slag, desulfurization gypsum 8 389.5 5.52 [93]
cement, phosphogypsum, ferrous sulfate, silica, polyacrylamide 12 94 3.08 [95]

These results consistently indicate that the polymeric/organic fraction improves workability and encapsulates or chelates
alkalis and heavy metals, whereas the inorganic fraction supplies hydraulic and pozzolanic reaction products; their synergy raises
CBR by one to two orders of magnitude above that of raw BPRM (CBR = 2-7)(Table 5). Beyond the representative formulations
above, a broader 2016-2026 literature has systematically examined the component combinations and underlying mechanisms of
composite modification, as summarized below.

(1) Sulfate-activated cement-lime-phosphogypsum systems

Building on the cement-lime baseline, adding phosphogypsum opens a sulfate-activated reaction pathway. Shi et al. [96]

1
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optimized a cement-lime-phosphogypsum solidified red mud at a curing-agent mass ratio of cement:lime:phosphogypsum = 8:2:2,
obtaining a 7-day UCS of 4.18 MPa, a 28-day splitting tensile strength of 0.256 MPa, and a resilient modulus of 1020 MPa. After
five dry-wet and freeze-thaw cycles, the mass change was <2% and the strength-loss index (BDR) exceeded 80%. Mercury
intrusion porosimetry (MIP) showed that ettringite (AFt) generated from phosphogypsum fills 0.1-1 um pores and densifies the
matrix, whereas excess AFt drives volumetric expansion and 1-10 um microcracks that weaken the material. Wang et al. [77]
confirmed that, with the total cement plus lime held at 10%, a cement:lime ratio of 8:2 with ~5% phosphogypsum gave a 7-day
UCS >3 MPa; SEM revealed needle-like AFt crystals interlocking particles and filling pores, whereas >8-10% phosphogypsum
induced expansion damage. These studies show that phosphogypsum acts as a threshold activator: beneficial up to an optimum
(~5%) and detrimental beyond it.

(2) Lime-slag-desulfurization gypsum systems

Luo et al. [97] modified BPRM with lime, ground granulated blast-furnace slag (GGBS), and desulfurization gypsum. A
double-doped lime-slag blend (10 wt%, 1:1 mass ratio) gave the best performance. It raised CBR to 306.22%, resilient modulus to
123.58 MPa, and UCS to 3.02 MPa. These values represent improvements of +129%, +28%, and +148% over the equivalent
single-doped mixes. Leachates of Cd, V, Se, 4s, and fluoride stayed below China's Class I groundwater limits. This supports the
use of the stabilized material as an environmentally safe subgrade fill. This finding support the view that GGBS supplies
pozzolanic Si-Al, which with lime-derived Ca?" forms additional C-S-H/C-A-S-H gel.

(3) Red mud-fly ash-desulfurized gypsum geopolymer bases

Several studies replace Portland cement entirely with industrial-waste blends that exploit the intrinsic alkalinity of BPRM as
an activator. Qin et al. [98] formulated a red-mud geopolymer subgrade from red mud, fly ash, slag and desulfurized gypsum,
evaluating both soaked and unsoaked CBR, permeability, and soaked-strength loss. This study confirm that the alkalinity of BPRM
activates Si-A/ sources (fly ash, slag), yielding binder gels without external cement. This cement-free route meets road-base
mechanical requirements and maximizes the co-utilization of bulk solid wastes..

(4) Red mud-coal gangue systems

Liu et al. [99] prepared a Bayer red mud-coal gangue road-base material with fly ash, whose 7-day UCS exceeded 6 MPa.
After 20 dry-wet cycles the strength remained 5.98 MPa, and after five freeze-thaw cycles it reached 6.89 MPa, satisfying the
relevant Chinese national standards. Crucially, 94.79% of Na™ was immobilized at 28 days, an outcome attributed to the Si-A!
system fixing Na™ more effectively. The radioactivity of the raw red mud also met outdoor-building-material limits. This highlights
the dual gain of composite systems: strength gain and alkali immobilization.

(5) All-solid-waste binders: red mud-calcium carbide residue-phosphogypsum

A frontier direction eliminates ordinary Portland cement altogether, as shown by Ye et al. [100], who combined red mud,
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calcium carbide residue (CCR) and phosphogypsum at 85:10:5 (RM:CCR:PG). This achieved a 7-day UCS of 6.83 MPa, a 412%
increase over unreinforced RM (1.33 MPa). CCR supplies Ca’* ions and alkalinity that dissolve the red mud, while PG sulfate
further activates the reaction. The hydration products (ettringite, C-(4)-S-H and N-A-S-H) densify the microstructure and stabilize
Na* and heavy metals. Yan et al. [101] advanced an all-solid-waste binder (CGFPA: calcium carbide residue + GGBS + fly ash +
phosphogypsum + graphene additive) for red-mud subgrade. Its hydration products (C-S-H, C-A-S-H, monosulfate AFm,
hydrotalcite) solidify and stabilize the red mud through adsorption and cementation, meeting strength and toxicity-leaching
specifications.

6. Nano-SiO2 synergistic modification

At the micro-level, Chen et al. [102] showed that nano-SiO; synergizes with gypsum and cement in red-mud stabilized soil.
The optimal NS1CS6PC3 mix (1% nano-SiO2, 6% gypsum, 3% cement) reached a 7-day UCS of 2.748 MPa, greater than the sum
of the individual effects (“1 + 1 > 2”). Nano-SiO; accelerates C-S-H formation and refines pores, illustrating how nanoscale
additives can further upgrade composite binders.

Table 6. Key findings of composite system

Composite system Main binders / optimal ratio

Key finding / modulus

Cement-lime-phosphogypsum cement:lime:PG = 8:2:2
Cement:lime + phosphogypsum cement:lime = 8:2, ~5% PG
Lime + slag + desulf. gypsum 10% total lime+slag, 1:1
Red mud + fly ash + desulf. gypsumcement-free geopolymer
Red mud - coal gangue (+FA) road-base blend

Red mud - CCR - phosphogypsum RM:CCR:PG = 85:10:5

7-day UCS = 4.18 MPa: Mr = 1020 MPa; BDR > 80% after 5 dry-wet/FT [96]
7-day UCS > 3 MPa; Needle-like AFt fills pores [77]

7-day UCS = 3.02 MPa; CBR = 306.22%, Mr = 123.58 MPa [97]

Alkali of RM activates Si-4/ [103]

7-day UCS > 6 MPa; Na+ fixed 94.79%; radioactivity OK [99]

7-day UCS = 6.83 MPa; +412% vs RM; all-solid-waste [100]

All-solid-waste CGFPA CCR + GGBS + FA + PG + grapheneC-S-H/AFm/hydrotalcite; toxicity OK [101]

Nano-SiO2 + gypsum + cement ~ NSICS6PC3 (1% NS, 6% G, 3% C) 7-day UCS = 2.75 MPa; Synergy '1+1>2'; refines pores [102]

Modified RM subgrade (field) composite binder

Mr > 90 MPa; dynamic def. <=140 MPa; FWD <100 [40]

Viewed together, the six families above - though formulated from very different waste streams - converge on a small set of
coupled mechanisms. Collectively, composite modification of BPRM exploits five complementary actions: (i) sulfate activation by
phosphogypsum/desulfurization gypsum generating AFt that fills sub-micron pores and boosts early strength, provided the dosage
is kept below the expansion threshold; (ii) supplementary calcium from lime, quicklime or calcium carbide residue that drives
pozzolanic and carbonation reactions; (iii) pozzolanic Si-Al from fly ash, slag or coal gangue forming C-S-H/C-A-S-H gels and,
importantly, fixing exchangeable Na™; (iv) polymer/organic components that improve workability, bridge particles and chelate
heavy metals; and (v) alkali self-activation of BPRM, which can substitute for external cement in geopolymer routes. Durability

under dry-wet and freeze-thaw cycling is generally satisfactory when the mix is optimized (BDR > 80%), and Na+/heavy-metal
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immobilization commonly meets environmental standards, enabling large-scale trials-e.g., the modified BPRM subgrade assessed
at field scale with resilient modulus > 90 MPa, dynamic deformation modulus up to 140 MPa and FWD < 100 (0.01 mm) [40].

2. Engineering Applications

Compared to single-binder modification, composite-modified BPRM exhibits substantially enhanced 7-day unconfined
compressive strength (UCS), typically exceeding 3 MPa (Table 5 and 6). This performance satisfies strength requirements for
roadbed fills and inorganic stabilized subbase layers across all highway classes, and also meets specifications for base layers in
Class II and lower-category highways. Building on this foundation, Shandong Province enacted the local standard Technical
Specifications for Application of Red Mud (Bayer Process) in Highway Subgrades (DB37/T 3559-2019) in 2019. This regulation
defines critical parameters, including dosage ranges for red mud modifiers, technical performance criteria for modified red mud,
cross-sectional design of clay-wrapped modified red mud embankments, and compaction standards, thereby providing a normative
framework for large-scale implementation. Composite-modified BPRM has now been deployed in highway and municipal road
projects across Shandong and other regions. Key demonstrations include: These strength requirements are those specified for
subgrade fills and inorganic binder-stabilised subbase layers in JTG D30-2015 and JTG/T F20-2015 respectively, and for base
courses of Class II and lower-grade highways under Chinese practice; other jurisdictions adopt different limits and are not covered
by this comparison.

Highway Application:

During the Jinan-Qingdao Expressway expansion project, a 4,900-m test section used composite-modified red mud to
replace the originally designed lime-stabilized soil in its upper 20 cm subgrade layer (Fig. 14a) [40]. Field measurements
confirmed that all subgrade-surface deflections fell below 100 (0.01 mm).

Municipal Road Application:

In the Binzhou Beihai Recycling Park Phase I road project, a 100 m test section employed composite-modified red mud
instead of lime-fly ash stabilized soil in the upper 40 cm subgrade (Fig. 14b) [78]. Field tests recorded deflections between 47.2—

138.9 (0.01 mm), while plate loading tests demonstrated a subgrade resilience modulus =70 MPa.
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Fig.14 Pavement structure of the demonstration section (a) Jinliqing Expressway (b) Binzhou Beihai venous industrial park [40,

78]

4.3. BPRM Based Foamed Lightweight Soil (BPRM-FLS))

Foamed lightweight soil (FLS), a novel lightweight fill material formed by introducing foaming agents into a cementitious
paste, contains abundant closed air voids and exhibits moderate strength. Characterized by its porous structure, low density, and
construction efficiency, FLS is primarily deployed in special highway sections prone to differential settlement. Typical applications
include road-widening zones during expressway upgrades, high-fill embankments, and road-bridge transition sections.
Conventional cement-dominated FLS faces significant limitations: high cement consumption, pronounced cracking tendency, and
substantial energy footprint. To address these technical and ecological challenges, recent advances leverage BPRM as a sustainable
raw material. By harnessing synergistic modification effects between red mud and cement, RM-FLS achieves partial cement
replacement while enhancing performance metrics, demonstrating considerable progress in research and application.

Ou et al. [104] modified cement foamed lightweight soil (FCLS) into a cement-red mud composite cementitious material
foamed lightweight soil (FMLSR) by partially replacing cement with BPRM at 10%-30%. As the red mud replacement ratio
increased, the flowability of FMLSR rapidly decreased and gradually stabilized (Fig. 15a). Meanwhile, the unconfined
compressive strength (UCS) first decreased, then increased, and finally declined (Fig. 15b). At a 20% BPRM replacement ratio, the
28-day UCS of FMLSR reached a maximum of 0.73 MPa. This satisfies the Specifications for Design of Highway Subgrades (JTG
D30-2015) for subgrade fill in highways, first-class roads (subgrade and subbase), and second-class or lower roads (subgrade and

subbase alike). This demonstrates the feasibility of engineering applications for FMLSR.
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Fig.15 Influence of red mud content on properties of foam lightweight soil (a) flowability (b) unconfined compressive

strength [104]

The partial replacement of cement by BPRM inevitably reduces FLS fluidity, while crack resistance remains a concern for
field placement. Two recent studies have addressed these weaknesses at the material level. To recover the fluidity lost when
cement is replaced by red mud, Chuanyi et al. [105] examined how the water-binder ratio and water-reducing admixtures affect
red-mud-based FLS. In a system of BPRM and ground granulated blast-furnace slag (GGBS), both a polycarboxylate and a
naphthalene-based high-efficiency water reducer improved slurry fluidity. The naphthalene-based admixture gave the larger
fluidity gain and also raised compressive strength, whereas the polycarboxylate admixture improved fluidity but lowered
compressive strength. To further enhance strength and crack resistance, Li et al. [106] added polyester (PP), polypropylene (PES),
and kenaf (KF) fibers to a composite cementitious FLS made from red mud, cement, lime, and fly ash, and evaluated fiber type,
length, and dosage. All three fibers markedly raised the unconfined compressive strength. At a fiber length of 12 mm and a dosage
of 0.75%, the strength peaked at 0.875 MPa (PP), 0.81 MPa (PES), and 0.68 MPa (KF). These values represent increases of
145.8%, 135.8%, and 113.3% over the untreated specimen, respectively.

Building on these material advances, Lin [107] applied a BPRM-based cementitious material (BPRM, GGBS, cement, and
quicklime) in the Shandong Zhanhua-Linyi Highway Construction Project. Treating strength and fluidity as the governing design
criteria, he specified distinct water-binder ratios and strength targets for two pavement layers. For the embankment layer, the
designed wet density was 800 kg/m?® at a water-binder ratio of 0.70, with 7-day and 28-day UCS of 0.69 MPa and 0.93 MPa,
respectively. For the subgrade-bed layer, the wet density was 1,000 kg/m? (same water-binder ratio of 0.70), with 7-day and 28-day
UCS of 0.91 MPa and 1.29 MPa. Following this design, red-mud-based FLS subgrades of 68 m and 160.5 m were placed at two

bridge-approach transition sections, consuming 23,029.5 tonnes of BPRM. Relative to cement-based FLS, the approach saved

2
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RMB 4.6207 million in material costs, a roughly 20% reduction in comprehensive cost.

5. Waste-for-Soil Stabilization: BPRM as Cementitious Additive for Subgrade Soil Improvement

The strong alkalinity of BPRM supplies an alkaline environment that drives reactions within cementitious systems. This
enables synergistic interactions with cement and other solid wastes to form novel cementitious binders, applicable to the
improvement of special soils (soft clay, silt, loess) and the stabilization of conventional subgrade soils.

High-plasticity soft clay tends to lose strength through moisture-induced swelling. Wan et al. [57] developed a composite
cementitious binder by combining red mud (RM), phosphogypsum (PG), and cement. The mix contained 8% cement and 10%
combined RM-PG, tested at RM/PG mass ratios of 10/0, 7.5/2.5, 5/5, 2.5/7.5, and 0/10 to probe their synergy. UCS tests on the
modified clays (Fig. 16) showed that adding RM-PG to cement markedly raised the 7-day strength, an effect attributed to the
alkaline environment supplied by RM that accelerated cement hydration. As the RM/PG ratio fell from 10/0 to 7.5/2.5, the acidic
PG lowered the system pH but contributed extra Ca?* and SO4*" ions that promoted ettringite (AFt) formation [108]. The resulting
AFt crystals filled interparticle voids in the modified clay matrix, raising strength. A further drop in the RM/PG ratio produced two
adverse effects: (i) weaker alkalinity that reduced the activation effect, and (ii) excessive AFt expansion driven by the higher PG
content. These effects caused microcracking and structural degradation in the cementitious system [109], thereby lowering the clay
strength. S. Wang et al. [44] extended this approach to silty soils with RM-PG-cement blends and observed analogous trends. Their
results recommended an optimal RM/PG ratio of 7:1 to keep the cementitious system within a neutral-to-weakly alkaline range.

300

250

7-day UCS (kPa)
g g g

wn
[e=l
T
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Mass ratio of RM to PG

Fig.16 Strength variations with different mass ratio of RM to PG [57]
For typical collapsible loess, R. Chen et al. [110] stabilized the soil with 5% cement and 5%-30% red mud (RM). The
unconfined compressive strength (UCS) first rose and then fell as the RM dosage increased. Peak strength occurred at 15%-20%

RM, reaching 2.4 MPa after 7 days (Fig. 17).



10

40

7d
14d
35 A—28d A
7N
/ N
| / 'Y
§ 3.0 N & D%
e
; ‘,/'/ \"*— —A
225t
201
i 5 1 1 1 1 1 1 1
0 5 10 15 20 25 30

Red mud content (%)

Fig.17 Unconfined compressive strength of red mud stabilized soil [110]

SEM examination showed that moderate RM addition strengthened the stabilized matrix through two mechanisms. First,

cement hydration products coated the loess particles (Figs. 18a, b) and progressively bound the dispersed grains into an integrated

mass. Second, the added RM particles filled the interparticle voids (Fig. 18c), densifying the structure and raising compressive

strength. Beyond the optimum RM content, the effect reversed. Excess RM adhered to the hydration-coated aggregates (Fig. 18d),

weakened the cementation between loess particles, and disrupted the stabilized cementitious system, thereby lowering compressive

strength.
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Fig.18 Mechanism of red mud-cement composite stabilized soil
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Poorly graded silty soils from the Yellow River alluvial plain show strong capillarity, liquefaction susceptibility under
dynamic loads, and poor compactability. To address these weaknesses, Li Xia et al. [111] introduced flexible asphalt into an RM-
based cementitious system. The RM acts as a carrier that changes the ambient-temperature dispersion of asphalt and raises its
specific surface area. In RM's strongly alkaline medium, asphalt adheres more firmly to soil particles. During high-temperature
softening, the dispersed asphalt fines progressively fill the interparticle voids, raising the strength of the composite stabilized soil.
The resulting material, termed the RM-flexible consolidator (RFC), exhibits semi-flexible behaviour. Relative to conventional RM-
based cementitious materials, it raises soil strength and also allows autogenous healing of micro-damage within the stabilized
matrix.

Laboratory tests and field applications confirm that RM-based cementitious materials meet the technical requirements for
subgrade fillers. They also satisfy the design criteria for base and subbase courses under light to medium traffic on Class II and
lower highways. Guided by the optimum mix from laboratory tests, a 200 m trial section was built with RFC-stabilized silt on a
rural highway in Qihe County, Shandong Province. The treatment added 7% RFC and 3% cement to alluvial-plain silty soil [111].
Field measurements showed that the stabilized silt reached a 7-day UCS of 0.86 MPa and a CBR of 75.3%. Mean deflection (0.01
mm) measured 44.3 in the stabilized layer and 25.5 at the pavement surface. The requirements referred to here are those of JTG
D30-2015 for subgrade fills and of JTG/T F20-2015 for base and subbase courses under light to medium traffic in China; the

grading of highways and the corresponding strength limits are not identical outside China.

6. Stiffness and deformation behaviour under traffic loading

Strength indicators such as CBR and UCS describe bearing capacity at a single loading event, but pavement design also
requires stiffness and deformation parameters that control rutting and the accumulation of permanent deformation over the service
life [80, 119]. Evidence on these parameters for BPRM-based materials is still scattered, and the mechanics-oriented treatments
available so far have quoted strength almost exclusively.

Resilient modulus has been reported for binder-modified red mud. Luo et al. [97] raised the resilient modulus of a lime,
ground granulated blast-furnace slag and desulfurization gypsum blend to 123.58 MPa together with a CBR of 306.22%, showing
that composite modification improves elastic stiffness and not only compressive strength. Field evidence points in the same
direction: the 100 m demonstration section at Binzhou Beihai Recycling Park recorded deflections of 47.2-138.9 (0.01 mm) in
service [78].

Under repeated traffic loading the response cannot be inferred from static strength tests. Liu et al. [80] characterised the
dynamic characteristics of cement-modified red-mud-based silty soil under traffic load by hollow cylinder torsional shear testing,

and Chen et al. [119] examined the dynamic properties and the environmental impact of waste red-mud-treated loess under adverse



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

conditions. Long-term cyclic response has also been addressed: Liu et al. [123] evaluated the deformation properties of red-mud-
reinforced volcanic ash under long-term cyclic loading, and Xu et al. [122] performed large-scale cyclic triaxial tests on improved
coarse-grained red mudstone soil, applying cyclic stress from 25 to 225 kPa in 25 kPa increments at a frequency of 2 Hz with 1,000
or 2,000 cycles per stage. Near optimum moisture content the cumulative strain at failure was about 1% after 14,000-16,000 cycles,
while at moisture content 2% wet of optimum the strain exceeded 10% after only 3,000-4,000 cycles; cumulative strain decreased
as the confining pressure rose from 20 to 50 kPa. Dixit et al. [25] additionally characterised red mud blended with bottom ash as a
subgrade geomaterial, extending the evidence base beyond strength alone.

Taken together, these studies indicate that BPRM-based materials gain stiffness under confinement but lose it as the
moisture condition departs from optimum, and that permanent deformation rather than compressive strength is what limits their
service performance. Because several road administrations now derive design parameters from cyclic triaxial testing instead of

CBR, the shortage of such data for red-mud materials is, in the present review, a more practical barrier than insufficient strength.

7. Environmental Safety Assessment of BPRM in Subgrade Engineering

The inherent strong alkalinity and presence of hazardous heavy metals (Cr, Cd, Pb, etc.) in BPRM may pose environmental
risks including corrosivity, leaching toxicity, and potential soil/groundwater contamination during subgrade applications. Rigorous

environmental risk assessment is therefore essential prior to implementation.

7.1. Corrosion Risk Assessment

BPRM is strongly alkaline. Its pore-water pH typically falls between 10 and 12 in Chinese sources and reaches 13.5 in
international studies [4, 112, 113]. When placed in subgrade, it reacts with supplementary cementitious materials (cement, lime, fly
ash, phosphogypsum) through hydration, cation exchange, and carbonation. These reactions lower pH by two routes: chemical
neutralization of free alkali and conversion of alkalinity-bearing phases into stable solids. In RM-phosphogypsum-stabilized loess,
pH falls progressively below 11 as the phosphogypsum dosage rises and eventually settles in the alkaline-neutral transition range
[57, 114]. Gypsum and carbonation are established alkalinity-control routes. Gypsum amendation reduces residue alkalinity and
salinity [115], and CO: mineral carbonation can drive a red mud slurry from pH ~10 to near neutral [116]. The high pH also
governs environmental mobility. In alkaline leachates, oxyanionic trace metals such as A4s, Cr, Mo, Se, and V become markedly

more mobile [117]. pH reduction therefore curbs both corrosivity and metal-leaching risk. Engineered red mud - fly ash - gypsum

blends have been assessed for both strength and leaching as geomaterials [118]. Proper mix design lets modified BPRM meet

acceptance criteria for subgrade and base applications.
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Under Chinese regulation, the corrosivity identification standard GB 5085.1-2007 classifies an industrial solid waste as

hazardous when its leachate pH is =12.5 or <:2.0. This threshold mirrors the international corrosivity characteristic (pH <:2.0 or
=12.5). The general industrial solid waste standard GB 18599-2020 designates wastes with leachate pH outside 6-9 as Class II. On

this basis, neither raw BPRM nor its modified products used in road base in China are currently classified as hazardous waste; both
are assigned Class II general industrial solid waste. Where interim stockpiling is required, Class II storage rules mandate anti-

seepage liners and leak-monitoring systems.

7.2. Heavy Metal Leaching Toxicity Risk

The BPRM used in subgrade engineering, along with other industrial solid waste materials modified synergistically,
contains harmful substances such as mercury (Hg), lead (Pb), cadmium (Cd), nickel (Ni), arsenic (4s), hexavalent chromium
(Cr®), and fluoride (F). These contaminants can be leached and infiltrate into the soil and groundwater (Fig. 19) through
dissolution, scouring, diffusion, and other pathways under the action of rainfall and internal seepage within the pavement structure,

thereby posing risks to the surrounding environmental safety.

Leaching toxicity risk of Bayer process red mud

« Land-use Soil Pollution

Bayer red mud « Groundwater contamination

Asphalt mixture

: Red mud subgrade

Cement

Groundwater

Toxic heavy metals

Calcium
carbide slag

Fig.19 Schematic diagram of leaching toxicity and groundwater pollution risk of BPRM subgrade

7.2.1.  Leaching Toxicity Identification

Most studies quantify harmful constituents in BPRM using the element-determination protocol of the Chinese standard GB
5085.3-2007 (Identification Standards for Hazardous Waste: Leaching Toxicity Identification). This protocol is applied to both raw
BPRM and composite-modified BPRM used as subgrade material. Typical characteristic pollutants were selected for analysis,
including manganese (Mn), cadmium (Cd), nickel (Vi), lead (Pb), vanadium (V), selenium (Se), antimony (Sb), arsenic (4s),

2
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hexavalent chromium (Cr®), and fluoride (#). Their concentrations in raw and modified BPRM subgrade materials are compiled
in the table below:

Table 7. Leaching toxicity test results of BPRM

Test Group 1 Group 2 Group 3 Ltzij?:;g Groundwater quality

parameter Rawl red mud Modified red Rawl red mud Modified red Rawl red mud Modified red sta_nd_ard class II}IInsittzndard
mud mud mud limits

Mn <<0.003 6 <<0.003 6 <0.01 <0.01 / / / <0.1

Cd 0.001 6 0.001 4 <0.004 <0.004 0.000 2 0.000 6 <1 <0.005

Ni <0.001 8 <0.001 8 <0.02 <0.02 0.0003 0.004 8 <5 <0.02

Pb <0.004 2 <0.004 2 <0.02 <0.02 0.001 8 0.002 5 <5 <0.01

v 0.748 0.0617 0.28 0.28 / / / /

Se 0.117 0.059 1 0.0011 0.0011 / / <1 <0.01

Sb <<0.003 2 <<0.003 2 <0.02 <0.02 / / / <0.005

As 0.229 0.036 0.002 7 0.002 7 0.023 0.9300 <5 <0.01

Cre <0.004 <0.004 0.031 0.009 0.013 0.006 4 <5 <0.05

F- 0.137 0.002 82 2.56 2.43 / / <5 <1.0
References [93] [78] [119]

Leaching toxicity tests against GB 5085.3-2007 (Identification Standards for Hazardous Waste: Leaching Toxicity
Identification) indicate that both raw BPRM and modified BPRM used in subgrade satisfy the regulatory limits. Neither is
classified as hazardous waste. Against the Class III limits of the Groundwater Quality Standard GB/T 14848-2017 (centralized
drinking-water sources and industrial/agricultural use), however, the leachate may still approach or exceed the benchmark for
several ions. Elevated concentrations can appear for selenium (Se), arsenic (4s), hexavalent chromium (Cr®), and fluoride (F").

Such potential exceedances warrant close monitoring when BPRM-based materials are deployed in the field.

7.2.2.  Leaching Toxicity Risk under Practical Conditions

Standardized test methods quantify hazardous-substance concentrations in modified BPRM subgrade materials, yet they
capture only part of the picture. They do not fully represent seepage and leaching under real subgrade conditions. In recent years,
studies have therefore combined laboratory tests, computational simulation, and field monitoring to track seepage-driven leaching
in realistic settings.

For laboratory simulation, several studies adopted the EU EA NEN 7375 leaching test [5, 95]. They paired it with site-
relevant scenarios such as rainfall and groundwater. Targeted extractants were refreshed at fixed intervals (0.25, 1, 2.25, 4, 9, 16,
36, and 64 days) to measure released hazardous substances. Although EA NEN 7375 reproduces long-term leaching trends, its
extractant stays nearly static between replacements and thus poorly mimics groundwater seepage.

Wang [93] addressed this gap by building a dynamic leaching test with continuous water flow (Fig. 20), derived from the
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semi-dynamic EA NEN 7375 protocol. The hydraulic setup reproduced groundwater seepage at a flow rate of 0.3 m/h with stable

water levels. Leachate was sampled at 1, 3, 7, 14, 28, 64, and 90 days to track hazardous-substance concentrations.

Semi-dynamic leaching test Dynamic leaching test
Regular replacement of leachant Flow rate: 0.3m/h
Regular replacement intervals: Sampling time:
0.25d, 1d, 2.25d, 4d, 9d, 16d, 36d, 64d 1d, 3d, 7d, 14d, 28d, 64d, 90d

Water level

|| Lateral outlet port
T Bottom inlet port

Fig.20 Schematic diagram of leaching test of BPRM subgrade [93]

Lateral inlet port

Coupling mathematical simulation with laboratory data, researchers built models to analyze how hazardous substances are
released from modified BPRM subgrade materials. Specifically, the leaching, scouring, and diffusion of contaminants were
characterized from the log-slope of cumulative release against time within each semi-dynamic leaching cycle [5, 93]. In general,
contaminants leave these materials mainly through precipitation-driven leaching and groundwater seepage. Over long leaching
periods, dilution drives the release rates of various hazardous substances toward stabilization.

Beyond laboratory and simulation work, some studies have adopted field monitoring. For example, groundwater monitoring
wells were installed in BPRM subgrade test sections [78]. Water samples were taken at 14, 28, 42, 56, 90, 120, 150, and 180 days
after construction to measure hazardous-substance concentrations. Although individual pollutants followed different trajectories,
their overall trends matched the simulations. Concentrations generally fell and then stabilized, so the risk to human health remains

controllable.

8. Conclusion and Prospects

Relative to earlier reviews of red mud in road engineering [9, 45, 48, 49], the distinctive contribution of this review lies in
treating waste-based soil replacement and waste-based soil stabilisation as two separate design logics, in consolidating the coupled
mechanisms of composite modification into one framework, and in carrying the environmental evidence from static batch leaching

through dynamic column tests to coupled modelling and field monitoring.
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Through “waste-based soil replacement” and “waste-based soil modification”, BPRM has proved feasible across multiple
subgrade scenarios. These include modified red-mud subgrade, red-mud-based foamed lightweight soil, and red-mud-improved
stabilized soil. Some findings have already reached large-scale engineering application. Moreover, the environmental risks of using
BPRM in subgrade works are controllable. This opens a new route for the reduction and comprehensive utilization of BPRM.

To advance the large-scale reduction of BPRM, future work must deepen research across several key areas. This spans
traditional disciplines such as materials science and civil engineering, and demands stronger cross-disciplinary links with
environmental science, chemical engineering, and related fields.

(1) Dehydration and pretreatment of BPRM

Wet-process BPRM has a high water content. Laboratory studies can adopt heat drying, but full-scale projects require large
drying equipment, raising costs and limiting use. Two aspects deserve attention:

Emission process optimization. Further work on filtration, mechanical dewatering, and related equipment should shift
BPRM from “wet discharge” to “dry discharge”, removing the root cause of excess moisture.

Composite dehydration schemes. Given continued wet discharge, low-cost strategies that combine mechanical methods
with high-performance water-absorbing materials should be developed for economically viable dewatering.

(2) Universal design methods for multi-solid-waste synergy with BPRM

Current studies show that BPRM-based materials gain markedly better performance through synergy with various solid
wastes. Yet, because different wastes differ greatly in composition and pH, composite preparation still relies on empirical trial-and-
error, inflating the experimental workload. To move beyond this, future work should analyze the strength-formation mechanisms of
BPRM composites: hydration, pozzolanic reactions, and ion exchange. By rating how chemical components of BPRM and other
wastes contribute within synergistic cementing systems, researchers can prioritize the key reactive species. Drawing on quantitative
indices from cement-clinker design, the silica modulus (SM), alumina modulus (IM), and lime saturation factor (LSF) should guide
a quantifiable, tunable, and standardized compositional design method.

(3) Long-term heavy-metal leaching characteristics of BPRM subgrade materials

BPRM carries hazardous species such as mercury (Hg), lead (Pb), cadmium (Cd), nickel (Ni), arsenic (As), hexavalent
chromium (Cr®"), and fluorides. In red-mud subgrades, these contaminants can reach groundwater through leachate pathways. Two
aspects require attention:

Long-term field monitoring. Full-scale BPRM subgrade projects should embed observation points to track contaminant
dispersion in the field. Coupling in situ measurements with laboratory simulations can reveal how rainwater and groundwater seep
through the materials. Key variables, including seepage volume, duration, and distance and their effects on contaminant

concentration, need systematic study to build predictive dispersion models.
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Barrier method development. Guided by the seepage and dispersion mechanisms of hazardous substances, targeted work
on isolation layers, filtration layers, and other interception techniques should reduce environmental risk.

(4) Life-cycle assessment and carbon footprint

Beyond mechanical and environmental compliance, the bulk utilization of BPRM in subgrade works should be evaluated by
life-cycle assessment (LCA) to quantify energy consumption, carbon emissions, and ecotoxicological impacts relative to

conventional fills. Recent LCA studies on red-mud-based geopolymer paving blocks and one-part alkali-activated red-mud - fly-

ash subgrade materials confirm substantial global-warming-potential reductions compared with ordinary Portland cement, while
identifying alkali activators and electricity as the main contributors [120, 121]. Integrating LCA with the field-monitoring and

barrier strategies above would support low-carbon, standards-compliant BPRM subgrade deployment at scale.
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