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A B S T R A C T

This study develops a novel organic muck (OM)-phosphogypsum (PG)-based Controlled Low- 
Strength Material (OP-CLSM) to enable large-scale reuse of these two wastes. It also systemati
cally evaluates the feasibility of using OM-PG mixtures as fine aggregates for CLSM preparation. 
In this formulation, OM and PG are combined with Ordinary Portland cement (OPC), fly ash (FA), 
and various admixtures, including polycarboxylate superplasticizer (PCE), calcium chloride 
(CaCl₂), and triethanolamine (TEA). A total of 18 groups of specimens are prepared with varying 
mix proportions to investigate the effects of the OM: PG mass mixing ratio (MOM: MPG), the 
organic matter content (wu) of OM, the OPC: FA mixing ratio (aOPC: aFA), and the incorporation of 
different admixtures. Systematic laboratory experiments are conducted to evaluate the fresh-state 
properties, including flowability, bleeding rate, and setting time, as well as the hardened-state 
property of unconfined compressive strength (UCS). The mineral composition and microstruc
tural characteristics of OP-CLSM are analyzed using X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). Furthermore, the environmental safety of OP-CLSM is assessed by measuring 
its pH and examining the Leachability of potentially hazardous substances. Results indicate that, 
with appropriate mix proportions, OP-CLSM achieves high flowability (>150 mm), an acceptable 
bleeding rate (0.7–7.0 %), a short setting time (<24 h), and a moderate UCS (0.3–1.8 MPa). The 
pH ranges from 10 to 12, and the leached concentrations of potentially hazardous substances 
comply with regulatory standards. Among the tested admixtures, PCE demonstrates superior 
performance in enhancing flowability, reducing bleeding rate and setting time, and improving 
UCS. With an optimized mix design, OP-CLSM exhibits promising mechanical and environmental 
performance, providing a sustainable solution for the reuse of waste materials.
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1. Introduction

Peaty soil is formed by the incomplete decomposition and accumulation of plant residues in lakes, low-lying areas, and swamp 
regions during the Quaternary geological period under oxygen-deficient conditions, with a defining feature of high organic matter 
content (wu: 10 %–80 % of dry soil mass, locally up to 98 %) [1]. Globally, it spans 59 countries/regions (over 4.15 million km²) [2], 
while in China it covers approximately 42,000 km² [3]. Due to the porous structure of organic matter and its strong water-retention 
capacity, peaty soil generally exhibits high water content, a large void ratio, low shear strength, significant compressibility, and creep 
characteristics. As a result, it is considered a special type of soil with notably poor engineering properties [4]. When subjected to 
structural loads, peaty soil foundations are prone to excessive or uneven settlement, potentially leading to instability or structural 
damage. Consequently, foundation improvement or the adoption of pile foundations is often necessary. Additionally, the excavated 
organic muck (OM) is unsuitable for engineering fill, as its wu exceeds the standard limit (wu≤5 %) [5].

The chemical stabilization/solidification (S/S) method involves incorporating binding agents, such as cement, lime, and fly ash, 
into the soil. Cementitious substances are generated through hydration, pozzolanic reactions that bind soil particles, and fill voids [6]. 
This process enhances the soil’s strength, stiffness, and impermeability, thereby effectively mitigating adverse properties such as 
collapsibility, expansibility, and water sensitivity. As a result, the S/S method enables the reuse of problematic soils (e.g., soft soil, 
collapsible loess, and expansive soil) and solid waste materials (e.g., phosphogypsum, red mud) that would otherwise be unsuitable for 
use as engineering fill materials. However, previous studies have shown that excessive organic matter can significantly inhibit the 
solidification process, often leading to chemically stabilized peaty soils failing to achieve the desired engineering performance [7,8]
The inhibitory effects of organic matter on soil stabilization arise from several mechanisms: i) Organic acids (e.g., humic acid and fulvic 
acid) contained in peaty soil lower the stabilized soil pore solution pH, thereby hindering the hydration reaction of cement [9]; ii) 
Humic acid readily reacts with Ca²⁺ to form calcium humate [10], while fulvic acid tends to reacts with Al³ ⁺, potentially disrupting 
cement hydration products and decomposing calcium aluminate hydrate crystals [11]; iii) Humus adsorbs onto and encapsulates the 
surface of cement particles, thereby delaying hydration and pozzolanic reactions [12,13]; and iv) A high wu reduces mineral soil 
particle proportions, weakening the soil skeleton and limiting pozzolanic reactions [14]. To enhance the applicability of chemical 
solidification methods for peaty soils, researchers and engineers have adopted several strategies: 1) Incorporation of specialized ad
mixtures, such as chlorides, sulfates, and triethanolamine [15,16,17], which engage in ion exchange and complexation reactions with 
organic matter to reduce the negative impact of organic acids on cement solidification. For example, competing with organic acids for 
Ca²⁺ in the cementitious system or binding to active groups of humic/ fulvic acids, to reduce the negative impact of organic acids on 
cement hydration; 2) Utilization of cost-effective industrial by-products (e.g., silica fume [18], coffee husk ash and coconut fiber [19], 
slag and waste tire shreds [20]) to partially or entirely replace cement not only reduces overall solidification costs, but also lowers 
greenhouse gas emissions and enhances the reutilization of waste materials; 3) Blending peaty soil with non-organic soils (e.g., clay soil 
[8], manufactured sand [21]) to lower the absolute wu and enhance the effectiveness of chemical reactions involved in solidification. 
These advancements have enabled chemically stabilized peaty soil to meet essential engineering requirements. Despite the challenges 
associated with high organic matter content, the chemical solidification method remains a preferred solution for the large-scale 
resource utilization of OM, owing to its technical maturity, construction convenience, and cost-effectiveness.

Phosphogypsum (PG) is the primary by-product of the wet-process production of phosphoric acid. Approximately 4.5–5.0 tons of 
PG are generated for every ton of phosphoric acid produced [22,23]. Global annual PG production is estimated to exceed 100 million 
tons and continues increasing at approximately 6 % per year. The cumulative worldwide stockpile has now surpassed 30 billion tons 

Fig. 1. Distribution of peaty soil strata and PG storage yards in Kunming City.
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[24]. However, the vast majority of PG remains stockpiled in centralized locations, resulting in significant land resource occupation 
and posing potential environmental risks due to the presence of harmful constituents [25,26]. Solidifying and modifying PG for use as a 
geotechnical filler is considered an effective approach for promoting its large-scale utilization. As highlighted in a review [27], 
PG-based geotechnical fillers have been applied in various contexts, including highway embankment filling materials, mine pit backfill 
materials, and other engineering applications. In such applications, PG is typically blended with binding agents (e.g., cement, lime, fly 
ash), excavated muck, or other solid waste materials (e.g., red mud, slag) to achieve the objective of modifying and enhancing its 
engineering properties, and it is seldom used as the only stabilizing agent [28,29,30,31].

Kunming, the capital city of Yunnan Province, is located in southwestern China and is one of the few cities worldwide where deep 
layers of peaty soil exist beneath its urban area. According to a preliminary survey, well-developed layers of peat, peaty soil, and 
organic soil [32] have been identified in the shallow subsurface (0–30 m in depth) across more than one-third of the main urban area 
(approximately 300–520 km²), primarily located north of Dianchi Lake. As shown in Fig. 1, these areas are situated between the red 
dotted line and Dianchi Lake. Over the past two decades, rapid urban development has significantly intensified the utilization of 
underground space. As a result, a substantial amount of organic-rich muck has been generated from various excavation activities, 
including deep foundations, deep foundation pits, utility tunnels, shield tunnels, and other infrastructure projects. While a limited 
amount of relatively pure OM has been repurposed as soil for municipal landscaping or agricultural substrate, a substantial portion 
remains stockpiled in disposal sites. Currently, the annual production of engineering muck in Kunming City exceeds several million 
tons, with 51 muck disposal sites either decommissioned or currently in operation. Additionally, Kunming possesses abundant 
phosphate rock resources, with proven reserves of approximately 1.02 billion tons, accounting for over 14 % of China’s total. Ac
cording to statistics from the Kunming Municipal Government, the city hosts more than a dozen wet-process phosphoric acid pro
duction enterprises. As shown in Fig. 1, the red indicators mark at least ten phosphate ore plants located west of Dianchi Lake. 
Collectively, these facilities generated approximately 19.03 million tons of PG in 2023. Although the comprehensive utilization rate of 
PG has reached 70.62 %, primarily through applications such as gypsum boards manufacturing and its use as backfill material for 
underground goafs [33] and subgrade fill materials [34], a substantial volume of PG remains to be stockpiled in tailing ponds [35]. 
Both muck yards and tailing ponds occupy significant land areas and pose potential environmental pollution risks. As a result, OM and 
PG have become two major categories of solid waste constraining urban development in Kunming, highlighting the urgent need for 
effective strategies to promote their large-scale resource utilization.

Controlled Low-Strength Material (CLSM) is a highly flowable backfill material capable of self-compaction under conditions of little 
or no vibration [36]. It is particularly well-suited for backfilling applications in confined or difficult-to-access spaces, such as foun
dation pits, wide trenches, and municipal pipeline excavations [37,38,39,40]. CLSM is typically prepared using binders, fine aggre
gates, and water. Common binding materials include Ordinary Portland cement (OPC) and fly ash (FA). In addition to conventional 
sand, various solid waste materials can be partially or fully used as substitutes for fine aggregates [41,42]. These alternatives include 
industrial by-products (e.g., cement kiln dust [43,44], slag [45,46,47,48], quarry stone powder [49]), different types of engineering 
mucks (e.g., dredged mud [50,51], expansive soil [52], collapsible loess [53], shield muck [54,55]), construction demolition waste 
[56], mining waste [57,58]. and agricultural residues [59]). Since its inception, CLSM has evolved from the use of single-type fine 
aggregates to the incorporation of composite fine aggregates. The utilization of composite fine aggregates comprising engineering 
mucks and industrial by-products has been extensively studied and has demonstrated satisfactory engineering performance. Repre
sentative examples include silt-tire crumb mixtures [60], kaolin-bottom ash mixtures [61], construction muck-fly ash mixtures [62], 
silt-red mud mixtures [63], dredged soil-slag mixtures [64], collapsible loess-crushed stone soil mixtures [53], and Titanium 
gypsum-construction waste composite fine aggregate [65,66]. Due to the ability of chemical reaction products formed between the 
binding materials and the matrix to effectively reduce the leaching of harmful substances, even materials containing hazardous 
components have been investigated as potential fine aggregates. For instance, Kim et al. [62] examined the reuse of arsenic-rich 
tailings in CLSM formulations. Wang et al. [67] assessed the feasibility of utilizing contaminated sediments for CLSM production. 
Razak et al. [68] demonstrated that incineration bottom ash, when incorporated into CLSM, can significantly reduce the leaching of 
harmful substances. Overall, there are no stringent specifications for fine aggregates, provided that the resulting CLSM satisfies 
relevant performance criteria through standardized testing [55,69]. Given that fine aggregates typically comprise over 80 % of the dry 
materials in CLSM, their production offers a promising pathway for the large-scale resource utilization of solid waste materials.

Although the ACI 229R–13 [36] suggests caution when using clayey and organic soils as fine aggregates, due to potential challenges 
such as poor mix uniformity and curing difficulties, recent studies have indicated that, through the incorporation of admixtures and 
appropriate mix design, even high-plasticity clay [70] and organic soils [64,71] can be effectively utilized to produce CLSM with 
desirable properties. Based on the concept of "treating waste with waste" [72,73], this study proposes the utilization of waste organic 
muck (OM) and phosphogypsum (PG) to develop composite fine aggregates for the production of Controlled Low Strength Material 
(OP-CLSM). The feasibility of this method is supported by the following considerations: 1) As a low-grade backfill material, CLSM 
imposes relatively lenient restrictions on the organic matter content (wu) of the matrix; 2) Although high wu is a critical factor 
contributing to inadequate solidification, the incorporation of PG effectively lower the absolute wu of the composite fine aggregate; 3) 
Numerous researches have shown that PG, widely used as a cement admixture, can mitigate the adverse effects of organic matter and 
enhance the solidification performance [74,75]; 4) Given its fine-grained soil characteristics, OM can address issues such as high 
bleeding rates when PG is used as the only fine aggregate in CLSM. Based on these deliberations, the development of OP-CLSM using 
OM and PG offers a promising strategy that can substantially contribute to sustainable local economic development.

However, based on a comprehensive literature review, most muck employed as fine aggregates for CLSM preparation consists of 
non-organic soils, with no documented instance of directly using organic muck (OM). To provide a scientific foundation for the 
development of OP-CLSM, this study aims to achieve the following specific research objectives: 1) Systematically evaluate the 
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engineering properties and environmental safety of OP-CLSM, thereby establishing the feasibility of utilizing OM and PG as composite 
fine aggregates for CLSM; 2) Investigate the effects of the OM-to-PG mass mixing ratio (MOM: MPG), the wu of OM, the cement-to-fly ash 
mixing ratio (aOPC: aFA), and the types of admixtures (PCE, CaCl₂, and TEA) on the performance of OP-CLSM. This investigation will 
facilitate the determination of suitable compositions of fine aggregate and binders, as well as the selection of appropriate admixtures 
for OP-CLSM; 3) Analyze the mineral composition and microstructure of OP-CLSM through X-ray diffraction (XRD) and scanning 
electron microscopy (SEM), thereby elucidating its binding mechanism.

2. Materials

2.1. Fine aggregates

2.1.1. Organic Muck (OM)
Four types of OM samples with varying organic matter contents (wu) are collected from four excavation projects within the urban 

area of Kunming. These sites included deep building foundation pits, subway station foundation pits, municipal utility tunnels, and 
river channel widening projects. The basic physical properties of the collected samples are summarized in Table 1. Specifically, water 
content is determined using the oven-drying method at a drying temperature of 55 ◦C [76,77]. The liquid limit and plastic limit are 
measured following the combined determination method specified in GB/T 50123–19 [78]. Additionally, the wu is assessed using the 
ignition method [79], while the residual fiber content is determined using the wet sieving method [80]. As shown in Table 1, these soil 
samples exhibit high initial water content (w₀ = 166.1 – 211.7 %), high organic matter content (wᵤ = 14.41 – 53.3 %), and weak acidity 
(pH = 4.9 – 5.7). In contrast, residual fiber content is relatively low across all samples, indicating that they belong to amorphous peaty 
soils [81].

Generally, fine-grained soils are not recommended as fine aggregate for CLSM preparation due to their tendency to resist dispersion 
in water and their difficulty in forming a uniformly mixed slurry. Therefore, a self-developed preliminary dispersibility test is con
ducted to evaluate the behavior of OM when immersed in water. As shown in Fig. 2, after the natural soil mass is left to stand in water 
for approximately two minutes, partial disintegration is observed. Subsequent stirring with a glass rod for about two minutes results in 
the formation of a uniform slurry. This behavior can be attributed to the porous and loose structure of organic matter [3,14], which 
exhibits strong water adsorption capability, thereby promoting rapid dispersion upon immersion. As a result, OM can be directly mixed 
with water and dispersed into a slurry state without the need for pre-treatment processes such as air drying, crushing, or screening. 
This advantageous characteristic supports OM viability as a fine aggregate for CLSM.

2.1.2. Phosphogypsum (PG)
In this study, PG is used as a composite fine aggregate in the preparation of CLSM. The PG used in this study is sourced from the 

storage yard of Yunnan Yuntianhua Co., Ltd., where it had been stockpiled for over two years. According to the particle size distri
bution test results obtained by a laser particle size analyzer, PG primarily consists of silt particles. Details regarding its material 
composition, including chemical composition and physical properties, are provided in Tables 2 and 3.

2.2. Binders and admixtures

Ordinary Portland cement (OPC) Grade 42.5 (Specific gravity: 3.12, Specific area: 350 m²/kg, 45 μm sieve residue: 5.0 %) and Fly 
Ash (FA) (Specific gravity: 2.40, Specific area: 380 m²/kg, 45 μm sieve residue: 17.5 %) are selected as the binders. The OPC used is 
manufactured and supplied by Kunming Dongji Cement Co., Ltd., while the FA is Class II power plant fly ash produced by Gongyi Lanke 
Environmental Protection Water Purification Material Co., Ltd. The primary chemical compositions of PG, OPC, and FA are sum
marized in Table 3. As shown in Table 3, OPC is dominated by CaO, while FA is rich in SiO₂ and Al₂O₃, as a typical pozzolanic material, 
and both play important roles in the cementitious mixture.

To further enhance the engineering performance of the OP-CLSM material, three chemical admixtures are incorporated: Poly
carboxylate superplasticizer (PCE), a high-efficiency water-reducing agent; Calcium chloride anhydrous (CaCl₂), an early-strength 
agent; and Triethanolamine (TEA, C₆H₁₅NO₃, Purity≥99.5 %, relative density ρ₂₀=1.120–1.130), both a retarder and later strength 
enhancer in concrete. All admixtures are supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai.

Table 1 
Basic physical properties of OM samples.

No. of Sampling site Initial water content/% Liquid limit/% Plasticity limit Organic matter content/% Fiber content/% pH

1 166.1 175.5 90.2 14.41 0.0 5.7
2 194.4 234.6 98.1 20.65 0.1 5.6
3 188.8 316.9 133.4 37.91 0.3 5.2
4 211.7 412.5 165.6 53.30 1.2 4.9
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Fig. 2. Dispersibility test of peaty soil immersed in water.

Table 2 
Basic physical properties of PG.

Specific gravity Initial water content/% Particles ＜75 μm (%) Particles ＜5 μm (%) pH Color

2.35 3.3 83.0 12.3 5.2 gray

Table 3 
Main chemical compositions of materials.

Oxide content Phosphogypsum (PG) Cement (OPC) Fly ash (FA)

SiO2 11.19 19.99 45.99
CaO 38.66 59.35 5.38

Al2O3 0.56 5.85 39.30
Fe2O3 0.25 4.65 4.78
MgO 1.22 3.07 0.39
SO3 45.70 3.18 0.64
TiO2 0.09 1.49 1.76

F 0.75 - -
P2O5 1.21 - -

others 0.37 2.42 1.49

Table 4 
Mix design schemes and IDs for all OP-CLSM specimens.

Mix ID Binder Fine aggregate Density(kg/m3)

(a) Analyze the influence of MOM: MPG

OM0PG80 12 %OPC+ 8 %FA 80 %PG 1708
OM20PG60 (wu=53.30 %) 60 %PG+ 20 %OM (wu=53.30 %) 1571
OM40PG40 (wu=53.30 %) 40 %PG+ 40 %OM (wu=53.30 %) 1523
OM60PG20 (wu=53.30 %) 20 %PG+ 60 %OM (wu=53.30 %) 1501
OM80PG0 (wu=53.30 %) 80 % OM (wu=53.30 %) 1471
OM20PG60 (wu=20.65 %) 60 %PG+ 20 %OM (wu=20.65 %) 1645
OM40PG40 (wu=20.65 %) 40 %PG+ 40 %OM (wu=20.65 %) 1562
OM60PG20 (wu=20.65 %) 20 %PG+ 60 %OM (wu=20.65 %) 1531
OM80PG0 (wu=20.65 %) 80 % OM (wu =20.65 %) 1436
（b）Analyze the influence of wu

OM40PG40 (wu=14.41 %) 12 %OPC+ 8 %FA 40 %PG+ 40 %OM (wu=14.41 %) 1568
OM40PG40 (wu=20.65 %) 40 %PG+ 40 %OM (wu=20.65 %) 1562
OM40PG40 (wu=37.91 %) 40 %PG+ 40 %OM (wu=37.91 %) 1554
OM40PG40 (wu=53.30 %) 40 %PG+ 40 %OM (wu=53.30 %) 1523
（c）Analyze the influence of aOPC: aFA

C8FA12 8 %OPC+ 12 %FA 40 %PG+ 40 %OM (wu=53.30 %) 1523
C10FA10 10 %OPC+ 10 %FA 1527
C12FA8 12 %OPC+ 8 %FA 1523
C14FA6 14 %OPC+ 6 %FA 1557
C16FA4 16 %OPC+ 4 %FA 1574
（d）Analyze the influence of admixture types
PCE 12 %OPC+ 8 %FA+ 0.4 %PCE 40 %PG+ 40 %OM (wu=53.30 %) 1479
CaCl2 12 %OPC+ 8 %FA+ 0.4 %CaCl2 1495
TEA 12 %OPC+ 8 %FA+ 0.4 %TEA 1522

Note: wu: organic matter content; OPC: ordinary Portland cement; FA: pulverized fly ash; PG: phosphogypsum; OM: organic muck; PCE: poly
carboxylate superplasticizer; CaCl2: calcium chloride; TEA: triethanolamine.
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3. Methodology

3.1. Mix design

To investigate the effects of key factors on properties of OP-CLSM, including the mass mixing ratio of OM to PG (MOM: MPG), the wu 
of OM, the mixing ratio of OPC to FA (aOPC: aFA), and the types of admixtures (PCE, CaCl₂, and TEA), four groups of comparative mix 
designs are formulated. All mix designs maintained a constant mass ratio of stabilizers to dry mixed fine aggregates at 1:4 (i.e., 20 % 
stabilizers + 80 % fine aggregates). Table 4 presents the complete mix design schemes and IDs for all OP-CLSM specimens. The detailed 
mix design configurations are outlined as follows: 

− Group (a): To analyze the influence of MOM: MPG on the properties of OP-CLSM, five different fine aggregate mixing ratios are 
established: MOM: MPG = 0:80, 20:60, 40:40, 60:20, and 80:0. Two types of OM with high and low organic matter content 
(wu=53.30 % and 20.65 %, respectively) are used. The dosage of the binders is fixed at 12 % OPC and 8 % FA. This group includes a 
total of nine specimen types.

− Group (b): To evaluate the effect of wu of OM, four types of OM with varying wu (14.41 %, 20.65 %, 37.91 %, and 53.30 %) are 
utilized to prepare the fine aggregate. The fine aggregate proportion is fixed at 40 % OM and 40 % PG, and the binder dosage is 
maintained at 12 % OPC and 8 % FA. This group comprises four specimen types.

Fig. 3. Preparation and experimental procedures of OP-CLSM.
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− Group (c): To assess the impact of the binder dosage and composition, five different binder mixing ratios are set: aOPC: aFA = 8:12, 
10:10, 12:8, 14:6, and 16:4. The fine aggregate proportion is fixed at 40 % OM and 40 % PG (with wu=53.30 %). This group in
cludes five specimen types.

− Group (d): To examine the influence of admixture type on OP-CLSM properties, three types of admixtures are respectively added to 
separate mixes: they are polycarboxylate superplasticizer (PCE), calcium chloride (CaCl₂), and triethanolamine (TEA). The 
admixture dosage is 0.4 % of the cement mass. The fine aggregate proportion is fixed at 40 % OM and 40 % PG (with wu=53.30 %), 
and the binder dosage remained at 12 % OPC and 8 % FA. This group includes three specimen types.

3.2. OP-CLSM preparation

The laboratory preparation process of OP-CLSM involves mixing, molding, and curing. Initially, OM is placed into a planetary mixer 
along with a pre-determined amount of water and stirred for two minutes. The water content is adjusted to 1.2 times the liquid limit 
(wL) of OM to form a slurry. Next, PG is added along with additional water (equal to 50 % of the PG mass) and stirred for an additional 
two minutes to obtain a uniform fine aggregate slurry. Subsequently, the binder slurry (including admixtures) is added in one batch, 
with the water-to-solid ratio controlled at 0.35, and the entire mixture is stirred for a further two minutes to ensure uniformity. The 
resulting mixed slurry is poured into molds and allowed to set for 48 h prior to demolding. Finally, the specimens are wrapped airtight 
with plastic film and cured in a curing chamber maintained at a temperature of 20 ± 2◦C and a humidity of 90 %. The preparation and 
testing procedures for OP-CLSM are illustrated in Fig. 3.

3.3. Test Methods

A series of laboratory tests were conducted to evaluate the engineering properties and environmental safety of OP-CLSM in both its 
fresh and hardened states comprehensively (Table 5). The performance of the fresh-state slurry is assessed through flow testing, 
bleeding rate measurement, and setting time determination. For the hardened OP-CLSM, unconfined compressive strength (UCS) tests 
are conducted to evaluate mechanical performance. The mineralogical characteristics and microstructure features are investigated 
using X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. Environmental safety assessments involve pH 
testing and acetic acid leaching tests to determine the potential harmful substance release.

3.3.1. Fresh-state OP-CLSM properties tests
Flow Tests: The flowability of OP-CLSM is evaluated in accordance with ASTM D6103M–17 [82] using an open-ended acrylic 

cylinder with a diameter of 7.5 cm and a height of 15 cm. The procedure is as follows: The mold is placed on a flat glass plate, and 
freshly mixed OP-CLSM is poured into the mold. The outer wall of the mold is gently tapped to eliminate air pockets, and the surface is 
leveled with a spatula. After standing for 5 s, the mold is lifted vertically, allowing the material to spread freely. The maximum and 
minimum diameters of the spread material are measured, and their average is recorded as the flowability index.

Bleeding Tests: The bleeding behavior of OP-CLSM is evaluated in accordance with ASTM C940–22 [83]. The freshly prepared 
mixture is poured into a 1000 mL graduated cylinder, with the volume controlled at 800 mL. The cylinder is completely wrapped with 
plastic film to prevent moisture loss. During the test, the accumulation of bleed water on the surface is continuously monitored and 
recorded until no further bleeding is observed. The final bleeding rate is determined based on the total volume of bleed water collected.

Setting Time Tests: The setting time of OP-CLSM is determined in accordance with Chinese Standard GB/T 1346–11 [84], and the 
American Standard ASTM C191–21 [85]. The freshly mixed OP-CLSM is poured into a metal container and subsequently placed in a 
constant temperature and humidity chamber maintained at 20◦C and 50 % relative humidity. Prior to each measurement, the sample is 
removed from the chamber, and the setting time is assessed following the standard procedure. The elapsed time from the start of 
mixing to the point at which the sample met the defined setting criteria is recorded as the setting time.

3.3.2. Hardened OP-CLSM properties tests
Unconfined Compressive Strength (UCS) Tests: For the UCS test, cylindrical specimens are prepared by pouring freshly mixed OP- 

Table 5 
Summary of the OP-CLSM comprehensive test program.

Stages Test items Curing time Referred test standards

OP-CLSM preparation Material Preparation and Mixing - -
Molding and Demolding 48 h -

Curing 7 d、28 d -
Fresh-state OP-CLSM properties tests Flow Tests - ASTM D6103M− 17

Bleeding Tests - ASTM C940–22
Setting Time Tests - GB/T 1346–11 (2011)；ASTM C191–21 (2021)

Hardened OP-CLSM properties tests UCS Tests 7 d、28 d ASTM D2166/D2166M− 24
XRD Tests 28d -
SEM Tests

Environmental safety assessment tests pH Tests 0d、7d、28 d ASTM D4972–19
Acetic Acid Leaching Tests 28 d EPA Method 1311
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CLSM into molds with dimensions of 3.91 cm in diameter and 8 cm in height. After 48 h of setting, the specimens are demolded and 
wrapped with plastic film. Subsequently, the sealed specimens are cured in an environment-controlled chamber at a temperature of 20 
± 2◦C and a relative humidity of 95 %. UCS tests are conducted at specified curing ages of 7 and 28 days in accordance with ASTM 
D2166/D2166 M–24 [86], using an unconfined compression testing machine with a constant loading rate of 2 mm/min. Each group of 
samples includes three parallel samples.

X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) Analysis: After the UCS test, powder samples and square samples 
(1 cm × 1 cm × 1 cm) are collected from the failure surfaces of the OP-CLSM specimens, respectively. Prior to XRD testing, the samples 
are first ground into powder, dried in an oven at 105◦C, and then sieved through a 200-mesh sieve (≈75 μm aperture) to obtain samples 
with uniform fineness. The XRD tests are conducted using a Rigaku SmartLab SE X-ray diffractometer. The XRD test is performed 
within a 2θ range of 5◦ to 90◦, and the obtained diffraction patterns are subjected to phase analysis and identification using JADE 6.0 
software. Before SEM analyses, the broken specimens are trimmed into square flakes with side lengths less than 10 mm and dried in an 
oven at 105◦C. Subsequently, the surface of the samples is sputter-coated with a gold layer (approximately 20–30 nm thick) to enhance 
their electrical conductivity. The microstructure observation is carried out using a VEGA-3SBH scanning electron microscope.

3.3.3. Environmental safety assessment tests
pH Tests: The pH value of OP-CLSM is determined in accordance with ASTM D4972–19 [87] using a calibrated pH meter provided 

by Lichen Technology Co., Ltd. The procedure involves air-drying the hardened OP-CLSM samples, followed by crushing and sieving 
through a 2 mm sieve. Subsequently, 10 g of the sieved OP-CLSM is then mixed with 50 mL of distilled water in a glass container. The 
mixture is vibrated and stirred for three minutes, then left to stand for 1 h before measuring the pH value. The temperature of the 
solution, ranging from 19.6 to 23.8◦C, is monitored during the measurement.

Acetic Acid Leaching Tests: To evaluate the leaching behavior of harmful substances in OP-CLSM and assess potential environ
mental risks during service life, an acetic acid buffer solution extraction test is conducted in accordance with the EPA Method 1311 
[88], which recommends the horizontal oscillation method for solid waste leaching. The procedure is as follows: Following the 28-day 
UCS test, the cured OP-CLSM specimens are oven-dried at 45◦C, further crushed, and sieved through a 3 mm sieve. 2 g of the sieved 
OP-CLSM sample are mixed and soaked in a polyethylene leaching test tube containing 40 mL of acetic acid buffer solution. The 
mixture is shaken horizontally at a speed of 110 cycles per minute for 8 h at room temperature using a reciprocating shaker, and is 
subsequently allowed to stand undisturbed for 16 h. The supernatant is filtered through a 0.45 μm membrane filter to obtain the 
leachate. For comparative purposes, an identical acetic acid leaching procedure is performed on untreated PG. The concentrations of 
heavy metals and non-metallic pollutants in the leachate are analyzed using an Inductively Coupled Plasma Optical Emission Spec
trometer (ICP-OES, PerkinElmer Optima 8000).

Fig. 4. Flowability and bleeding rate of OP-CLSM under different effect indexes. MOM: MPG; (b) wu; (c) aOPC: aFA; (d) Types of admixtures.
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4. Results and discussion

4.1. Fresh-state OP-CLSM properties

4.1.1. Flowability and bleeding
The ability to achieve self-leveling and self-compacting behavior is a defining characteristic that sets CLSM apart from conventional 

backfill materials, which require adequate flowability. Generally, the reasonable flowability range for CLSM is between 150 and 
300 mm [36,89]. The bleeding rate is another critical indicator for evaluating the workability of CLSM, which reflects the extent of 
water separation from the mixture after placement. Controlling the bleeding rate is crucial to minimizing post-construction settlement 
and deformation. According to existing specifications, the bleeding rate of CLSM within 120 min should remain below 5 % [62,90]. 
Some researchers propose a broader acceptable range, typically between 0.4 % and 7.2 % [52,68,91]. In general, as CLSM flowability 
increases, so does the bleeding rate, underscoring the importance of identifying a suitable balance to meet performance requirements.

Fig. 4(a) illustrates the influence of MOM: MPG on the flowability and bleeding rate of OP-CLSM under a fixed stabilizer dosage 
(12 % OPC + 8 % FA). As shown, increasing the proportion of OM, while correspondingly decreasing PG, results in a significant 
reduction in both flowability and bleeding rate of OP-CLSM. Additionally, a higher proportion of OM with a higher wu leads to a 
reduction in both flowability and bleeding rate. For instance, the flowability of OP-CLSM with OM0PG80 is 268 mm, with a bleeding 
rate of 11.2 %. In contrast, when OM is increased to 80 % with wu= 20.70 % (OM80PG0), flowability drops to 204 mm and the 
bleeding rate to approximately 2.2 %. For the same OM proportion but with wu= 53.30 % (OM80PG0), flowability further decreases to 
187 mm, with the bleeding rate reduced to around 1.6 %.

Fig. 4(b) depicts the effect of OM with different wu on the flowability and bleeding rate of OP-CLSM, under fixed conditions of fine 
aggregate composition (40 % OM + 40 % PG) and binder dosage (12 % OPC + 8 % FA). The results indicate that as the wu of OM 
increases, both flowability and bleeding rate exhibit a slight decline. Specifically, when wu increases from 14.41 % to 53.30 %, the 
flowability decreases from 249 mm to 235 mm, while the bleeding rate declines from 4.8 % to 3.4 %, confirming the strong water- 
retention effect of high-organic matter content OM on the workability of OP-CLSM. These test trends align with those observed in 
CLSM, which incorporates non-organic muck as a fine aggregate. For instance, Zhu et al. [53] reported that increasing the proportion 
of waste expansive soil in the fine aggregate leads to a reduction in CLSM flowability. Similarly, Do et al. [91] found that a higher 
proportion of dredged sediment results in a gradual decrease in bleeding rate. Zhao et al. [55] demonstrated that the incorporation of 
shield tunneling muck significantly diminishes CLSM flowability. These findings support the conclusion that mineral clay particles and 
organic matter in OM possess substantially greater water adsorption capabilities than PG, whose particle size distribution is closer to 

Fig. 5. Time-dependent changes in OP-CLSM flowability. MOM: MPG; (b) wu; (c) aOPC: aFA; (d) Types of admixtures.

Y. Gui et al.                                                                                                                                                                                                             Case Studies in Construction Materials 23 (2025) e05485 

9 



that of silt. In particular, the organic fraction of OM exhibits a superior water adsorption capacity compared to common clay minerals 
(especially montmorillonite), which adsorbs several times its own weight in water. This marked difference in water retention between 
OM and PG underlies the observed variations in flowability and bleeding behavior of OP-CLSM.

Fig. 4(c) illustrates the effect of varying the aOPC: aFA on the flowability and bleeding rate of OP-CLSM. As the aOPC: aFA increases, 
both flowability and bleeding rate decrease, a trend consistent with the findings reported by Salini et al. [92]. This mechanism stems 
from the combined effects of more cement hydration products and the ball-bearing effect of fly ash: a higher OPC proportion increases 
early-stage hydration products (e.g., C-S-H gel), raising the internal friction of the CLSM system and reducing its flowability; simul
taneously, the spherical morphology of fly ash enables its ball-bearing effect [93] to lower inter-particle friction in the CLSM matrix, 
and less FA weakens this lubrication, further worsening the decline in flowability.

Fig. 4(d) depicts the influence of different admixtures (PCE, CaCl₂, and TEA) on the fresh-state properties of OP-CLSM. Among 
them, PCE shows the most significant enhancement in flowability and bleeding rate. PCE, acting as a high-efficiency water-reducing 
agent, generates strong electrostatic repulsion and steric hindrance effects on the surface of cement particles, thereby reducing particle 
aggregation and promoting dispersibility [64]. CaCl₂, functioning as an early strength agent, also improves flowability and bleeding 
performance of OP-CLSM. This is primarily due to its electrolyte properties, which partially mitigate particle adsorption. TEA, 
commonly used as a retarder and later strength enhancer in concrete, has a negligible effect on the flowability of OP-CLSM but 
effectively improves bleeding performance.

In summary, the flowability of all OP-CLSM prepared in this study meets the relevant standards (150–300 mm) [36]. When the 
proportion of OM in the fine aggregate exceeds 20 % (12 % OPC + 8 % FA), the bleeding rate of OP-CLSM all complies with the 
relevant standards (0.4–7.2 %) [52,68,91].

Fig. 5 illustrates the time-dependent changes in OP-CLSM flowability. It is evident from the figure that, similar to other CLSM types 
[52,94], OP-CLSM also displays a trend of decreasing flowability with prolonged time, which is attributed to the gradual hardening of 
the mixed slurry driven by cement hydration. A comprehensive analysis of Fig. 5(a-d) reveals that the MOM: MPG ratio, wu, aOPC: aFA 
ratio, and admixture types have no significant impact on the pattern of OP-CLSM flowability decreasing over time; within the time 
range of 1–180 min, the differences in the degree of flowability decline among OP-CLSM with different mix proportions are relatively 
small. However, significant differences in initial flowability lead to substantial variations in the engineering adaptability of OP-CLSM 
with different mix proportions. For example, with fixed binders (12 % OPC + 8 % FA), OP-CLSM with OM80PG0 (wu = 53.30 %) has 
an initial flowability of 187 mm, dropping below the lower limit value of flowability (150 mm) at approximately 30 min; in contrast, 
OM40PG40 (wu = 53.30 %) with an initial flowability of 270 mm takes 120 min to reach this standard limit.

Fig. 6. Initial and final setting time of OP-CLSM under different effect indexes. (a) MOM: MPG; (b) wu; (c) aOPC: aFA; (d) Types of admixtures.
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4.1.2. Setting time
Setting time is a critical parameter in CLSM applications, particularly for projects requiring rapid traffic restoration or timely 

follow-up construction. Generally, the final setting time of CLSM is expected to be within 24 h to meet construction schedule demands 
[44,95].

Fig. 6(a) illustrates the relationship between the MOM: MPG and the initial and final setting times of OP-CLSM. A clear upward trend 
is observed with increasing OM content. Specifically, for OM0PG80, the initial setting time is 12.6 h, and the final setting time is 
16.4 h; whereas for OM80PG0, the initial and final setting times increase to 26.4 h and 34.8 h, respectively. Notably, when the OM 
proportion exceeds 60 %, the final setting time surpasses the acceptable 24-hour threshold. Its mechanism is the same as the one 
mentioned earlier, where the increase in OM content leads to a decrease in the flowability and bleeding rate of OP-CLSM. The water 
adsorption capacity of OM is significantly higher than that of PG, resulting in hydration delay and a prolonged setting time. This is also 
similar to the mechanism observed by Zhao et al. [55], where partial replacement of conventional sand with high fine-grained shield 
tunnel spoil increases the proportion of fine aggregate, leading to a prolongation of the setting time of CLSM.

Fig. 6(b) shows the effect of OM organic matter content (wu) on setting time under fixed fine aggregate proportion conditions (40 % 
OM + 40 % PG) and a consistent binder dosage (12 % OPC + 8 % FA). The results indicate that as wu increases, both the initial and 
final setting times are prolonged, further highlighting OM’s retardation effect due to its water retention and organic constituents.

Fig. 6(c) presents the influence of the binders composition (aOPC: aFA) on setting behavior. Increasing the OPC content (while 
reducing FA) significantly shortens both setting times. As the OPC content increases from 8 % to 16 %, the initial setting time drops 
from 22.8 h to 13.2 h (a 42.1 % reduction), and the final setting time decreases from 26.5 h to 17.8 h (a 32.8 % reduction). These 
results align with the findings of Khadka et al. [96] and Wang et al. [21], who attribute this behavior to the increased formation of 
hydration products such as calcium silicate hydrate (C-S-H). As the OPC content increases, the generation of these products reduces the 
flowability of OP-CLSM and accelerates its transition into the setting state. This observation supports the previously discussed 
mechanism whereby higher OPC contents lead to lower flowability and bleeding rate in OP-CLSM.

Fig. 6(d) shows the effect of different admixtures (PCE, CaCl₂, and TEA) on the setting time of OP-CLSM. Among them, PCE exhibits 
the most significant reduction in both initial and final setting times, followed by CaCl₂ and then TEA. This trend is consistent with the 
findings reported by Wang et al. [71]. PCE enhances particle dispersion, CaCl₂ improves both flowability and bleeding rate, while TEA, 
commonly used as a set retarder, has the least influence on reducing setting time. The mechanism of triethanolamine (TEA), partic
ularly its role as a retarding agent with minimal impact on setting time, will be the subject of further investigation in subsequent 
studies, with detailed results to be reported in future publications.

Fig. 7. UCS of OP-CLSM under different effect indexes. MOM: MPG; (b) wu; (c) aOPC: aFA; (d) Types of admixtures.
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4.2. Hardened OP-CLSM properties

4.2.1. Unconfined compression strength (UCS)
The strength of CLSM is a fundamental performance metric, particularly its unconfined compression strength (UCS) at 28 days. 

According to standard guidelines, the 28-day UCS should not be less than 0.3 MPa to ensure structural integrity, but also not exceed 
8.3 MPa to retain excavability [36]. If manual excavation is required, the UCS should ideally remain below 0.7 MPa.

Fig. 7(a) illustrates the effect of varying the MOM: MPG on the UCS of OP-CLSM. As the proportion of OM increases, the UCS de
creases significantly. For instance, OP-CLSM with OM0PG80 achieves a 7-day UCS of 0.52 MPa and a 28-day UCS of 1.77 MPa. In 
comparison, OP-CLSM containing OM80PG0 shows drastically reduced strength of 0.05 MPa (7d) and 0.12 MPa (28d) at 
wu= 20.65 %, and just 0.01 MPa (7d) and 0.09 MPa (28d) at wu= 53.30 %. Additionally, a higher proportion of OM not only di
minishes absolute strength but also significantly slows the UCS strength development from 7 to 28 days. Qian et al. [97], Zhu et al. 
[53], and Do et al. [91] also reported that as the proportion of fine-grained soil in the fine aggregate increases, the strength of CLSM 
decreases markedly. The underlying mechanism is that high-packing-density aggregates (e.g., sand) are being replaced by fine-grained 
soil with lower packing density, resulting in an overall reduction in aggregate packing density. Consequently, this leads to increased 
porosity, a looser structure, and diminished UCS in CLSM [55]. Additionally, when the fine-grained soil is OM, its increased proportion 
will also raise the organic matter content of the aggregates. This inhibits both cement hydration and the subsequent pozzolanic re
action, both of which ultimately lead to a significant decrease in the UCS of OP-CLSM.

As depicted in Fig. 7(b), when the mix proportion of the fine aggregate (40 % OM + 40 % PG) and the binder dosage (12 % OPC +
8 % FA) are fixed, an increase in wu of OM leads to a significant reduction in the 7 and 28-day UCS of OP-CLSM. For instance, as wu 
increases from 14.41 % to 53.30 %, the 7-day UCS decreases from 0.26 MPa to 0.11 MPa, while the 28-day UCS decreases from 
0.80 MPa to 0.32 MPa. This trend highlights the inhibitory effect of water-retentive OM on cement hydration and strength 
development.

Fig. 7(c) presents the relationship between aOPC: aFA and UCS. Increasing the proportion of cement OPC in the binders results in a 
near-linear growth trend in both 7-d and 28-d UCS, confirming the role of cement content in strength gain due to accelerated hydration 
and C-S-H gel formation. Fig. 7(d) evaluates the impact of different admixtures on UCS. It can be observed that in terms of enhancing 
the strength of OP-CLSM, PCE performs better than CaCl₂ and TEA. This is attributed to PCE’s ability to improve particle dispersion and 
hydration efficiency, which fosters a denser microstructure.

An ideal CLSM should exhibit good fluidity, low bleeding rate, short setting time, and adequate strength. However, some of these 
properties are mutually conflicting, for example, high flowability often increases bleeding rate and reduces UCS. Therefore, CLSM 
design requires a careful balance to optimize these conflicting performance criteria [98]. Based on the experimental data and observed 
performance trends, it is recommended to produce OP-CLSM using fine aggregates composed of 30 %–40 % OM and 40 %–50 % PG 
(by dry material mass, totaling 80 %), combined with a binder consisting of 12 %–16 % OPC and 4 %–6 % FA (by dry material mass, 
totaling 20 %), and supplemented with 0.4 % PCE (by OPC mass). This composition offers a balanced solution that meets strength 
requirements while maintaining workability and environmental performance.

4.2.2. XRD and SEM
Fig. 8(a) presents the X-ray diffraction (XRD) patterns of five 28-day cured OP-CLSM specimens with a fixed organic matter content 

rate (wu) of 53.30 %. The patterns display broad and noisy peaks between 20◦ and 40◦, indicating a complex mineral composition of 
the soil sample. The primary mineral components identified include quartz (SiO₂), calcium sulfate (CaSO₄), and calcium carbonate 
(CaCO₃), which are the common constituents of both natural soil and industrial by-products. Additionally, hydration products such as 

Fig. 8. XRD of OP-CLSM. (a) XRD of OP-CLSM after 28d curing (wu=53.30 %); (b) XRD of OP-CLSM with different types of admixtures after 28d 
curing (wu=53.30 %).
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calcium silicate hydrate (C-S-H) and ettringite (AFt) are detected and typically formed from OPC and FA hydration reactions [74]. As 
the proportion of OM increases in the mixture, the intensity of diffraction peaks corresponding to C-S-H and AFt gradually diminishes. 
This trend implies that higher OM content reduces the formation of these critical hydration products. Notably, AFt is nearly unde
tectable in the XRD pattern of the OM80PG0 specimen, indicating that the formation of AFt primarily results from the hydration 
reactions associated with PG.

Fig. 8(b) shows the XRD patterns of OP-CLSM specimens cured for 28 days (wu =53.30 %) with various admixtures. Within the 2θ 
range of 20◦ to 40◦, the peak intensities associated with gelation products in specimens containing PCE and CaCl2 are slightly higher 
than those in the control group without admixtures. In contrast, the peak intensity of the specimen containing TEA shows little de
viation from that of the control OP-CLSM. This indicates that the PCE and CaCl2 are more effective than TEA in promoting the gen
eration of gelation products. These findings are consistent with the observed trends in the intensity enhancement law of OP-CLSM. 
Both PCE and CaCl2 accelerate the cement hydration reaction through different mechanisms, thereby facilitating the formation of 
strength-contributing products such as C-S-H gel and AFt [45,111]. These products fill the pore structure, improve particle bonding, 
and enhance the overall mechanical performance of the OP-CLSM. Conversely, TEA exhibits a comparatively weaker effect on the 
formation of cementitious products, resulting in a less significant improvement in strength. The difference in XRD peak intensities 
further supports the superior 28-day compressive strength observed in OP-CLSM specimens incorporating PCE and CaCl2.

The microstructural evolution of OP-CLSM is further illustrated in Fig. 9(a-h) through scanning electron microscopy (SEM). From 
Fig. 9(a) and (b), a dense matrix is observed where C-S-H gels and acicular-like AFt coat the surfaces of soil particles and fill interstitial 
voids, enhancing particle cohesion and forming a denser matrix. This well-structured network contributes to improved compressive 
strength. However, as the proportion of OM increases (accompanied by a reduction in PG), the amount of AFt significantly diminishes. 
SEM images in Fig. 9(c-e) reveal a looser and more porous microstructure, characterized by wider and more frequent voids between 
particles. This microstructural degradation aligns with the observed decline in both 7 and 28-day UCS values for high OM OP-CLSM 
mixtures. These microstructural observations confirm that OM not only physically dilutes the cementitious matrix but also chemically 
inhibits the formation of strength-contributing hydration products. The reduced production of C-S-H and AFt in high-OM mixes is a key 
factor behind the decline in mechanical performance.

Fig. 9(f-h) illustrates the microstructures of OP-CLSM specimens incorporating PCE, CaCl2, and TEA, respectively. For comparison, 
Fig. 9(e) shows the microstructure of OP-CLSM without admixtures. The addition of PCE and CaCl2 notably promotes the formation of 
C-S-H and AFt [71,99], resulting in a denser microstructure with fewer and smaller pores. This compact structure enhances inter
particle bonding, thereby improving the mechanical strength of OP-CLSM. In contrast, although TEA also facilitates the formation of 
C-S-H and AFt (Fig. 9(h)), its effect is markedly weaker. Consequently, the microstructure remains relatively porous, with larger and 
more numerous voids compared to the specimens with PCE and CaCl2. These observations are consistent with the trends identified in 
the XRD results.

4.3. Environmental safety of OP-CLSM

4.3.1. pH value
Previous studies have demonstrated that water-containing solid wastes exhibit corrosive properties when their pH falls below 2 or 

rises above 12.5 [100]. To evaluate the environmental safety of OP-CLSM, comprehensive testing and analysis of pH values are 
conducted across different curing ages and material compositions.

Fig. 10 presents the variation of pH values of OP-CLSM with curing time, considering conditions of differing fine aggregate ratios 
(MOM: MPG), organic matter contents (wu), cement-fly ash mixing ratios (aOPC: aFA), and admixture types. Overall, the pH value de
creases gradually with increasing curing time. This decline is primarily due to ongoing pozzolanic reactions that consume a significant 
amount of hydroxide ions (OH⁻) over time [101], consistent with the experimental patterns reported by Zeng et al. [74]. Analyzing 
Fig. 10 (a) and (b) reveals that increasing both the proportion of OM and wu results in lower initial pH values. This is attributed to the 
presence of humic acid in the organic matter, which exhibits weak acidity [102]. Although OM reduces the pH value of OP-CLSM, all 
pH values across the tested specimens remain within the range of 10–12, indicating acceptable environmental safety levels. As shown 
in Fig. 10(c), the higher cement content (aOPC) corresponds to increased pH values due to enhanced alkaline conditions from cement 
hydration. Meanwhile, Fig. 10(d) illustrates the variation in pH values of OP-CLSM over time with the addition of different admixtures 
(PCE, CaCl₂, and TEA), showing that specimens with admixtures consistently exhibit higher pH values than those without. The 
mechanisms behind this increase in pH due to admixtures are multifaceted: 1) Some admixtures, such as PCE and TEA, are weakly 
alkaline in nature; 2) They promote cement hydration, which leads to the production and dissolution of Ca(OH)₂, thereby increasing 
hydroxide ion (OH⁻) concentration in the pore solution [99,103,104].

4.3.2. Leachability of harmful substances
The concentrations of potentially harmful substances identified in the untreated PG and two OP-CLSM specimens cured for 28 days 

are summarized in Table 6. The raw PG material exhibited levels of arsenic (As, 0.126 mg/L), phosphorus (P, 120.00 mg/L), and 
fluorine (F, 105.00 mg/L) that substantially exceed the permissible limits for Class IV water quality, which is suitable for some in
dustrial applications and agricultural use [105]. In contrast, these elements are significantly attenuated in the OP-CLSM samples, with 
all measured concentrations falling below the regulatory thresholds for Class IV water [105]. This key result directly verifies that the 
CLSM matrix effectively immobilizes hazardous substances in PG, confirming the environmental feasibility of using PG as a fine 
aggregate in OP-CLSM.

This reduction is attributed to several mechanisms initiated during the solidification process, including: 1) Micro-scale physical 
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Fig. 9. SEM images of OP-CLSM after 28d curing (wu=53.30 %). (a) OM0PG80; (b) OM20PG60; (c) OM40PG40; (d) OM60PG20; (e) OM80PG0; (f) Add PCE; (g) Add CaCl2; (h) Add TEA.
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confinement and sorption within hydration products, such as C-S-H and AFt, which effectively entrap contaminants and limit their 
leachability [106]; 2) Precipitation chemical reactions under the highly alkaline conditions of OP-CLSM, where metal ions and fluoride 
(F⁻) form poorly soluble compounds, such as calcium fluoride (CaF₂), via reactions like Ca²⁺ + 2 F⁻ → CaF₂↓ [107]; 3) Isomorphic 
substitution of Ca²⁺ by heavy metals within the crystalline structures of hydration phases, including C-S-H, calcium aluminate hydrate 
(C-A-H), and AFt, thereby creating chemically stable matrices resistant to leaching [108]; 4) Electrostatic adsorption onto cementitious 
and soil particles, whose extensive surface areas enable the capture of anionic species like phosphate (PO₄³⁻) through ion exchange and 
surface complexation processes [109,110].

5. Overall summary of application, synergistic, economical and sustainable benefits of OP-CLSM

The above test analysis indicates that OP-CLSM meets the standards for typical workability, 28-day strength, and key environ
mental safety requirements. Similar to conventional CLSM, its main engineering applications,such as foundation pit fat groove 
backfilling, retaining wall backfilling, low-grade construction access road embankment filling, and trench backfilling, effectively 
support the growing demand for urban renewal. Ultimately, this approach promotes the large-scale utilization and comprehensive 
management of the two major types of solid waste in Kunming.

By applying the principle of “waste treating waste”, OP-CLSM incorporates OM and PG as its primary constituents, with their 
combined proportion reaching up to 80 % of the total dry material content. This approach not only facilitates the recycling of two 
major solid waste streams but also significantly reduces the volume of OM requiring off-site disposal, thereby lowering associated 

Fig. 10. pH of OP-CLSM under different effect indexes. (a) MOM: MPG; (b) wu; (c) aOPC: aFA; (d) Types of admixtures.

Table 6 
Elemental concentrations of leachates in the acid leaching test (mg/L).

Sample As Cd Ba Pb Zn P F

PG 0.1263 ＜0.020 0.0699 ＜0.020 1.4146 120.00 105.00
OM40PG40 (wu=53.30 %) 0.0264 ＜0.0012 0.333 ＜0.0042 ＜0.0064 0.0733 1.790
OM40PG40 (wu=20.65 %) 0.0462 ＜0.0012 0.285 ＜0.0042 ＜0.0064 0.103 1.780
GB/T 14848: Category IV 0.050 0.010 4.000 0.100 5.000 / 2.000

Note: "P" refers to phosphide; "F" refers to fluoride; GB/T 14848: Category IV [105].
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transportation and treatment costs. Additionally, it promotes the large-scale resource utilization of stockpiled PG, addressing two long- 
standing challenges in urban development in Kunming: the disposal of OM and the environmental burden posed by accumulated PG.

The combination of OM and PG as composite fine aggregates in OP-CLSM produces a synergistic effect, optimizing the material 
engineering performance. When OM is used as the sole fine aggregate (OM80PG0), the resulting CLSM exhibits low UCS, ranging from 
0.01 to 0.05 MPa at 7 days and 0.09–0.12 MPa at 28 days, along with prolonged initial and final setting times exceeding 24 h. 
Conversely, using PG as the sole fine aggregate (OM0PG80) results in a high bleeding rate of 14.41 %, compromising stability. 
However, the excellent water retention capacity of OM effectively reduces the bleeding rate of OP-CLSM, while PG contributes to 
enhanced compactness, strength, and stiffness. These complementary properties create a synergistic interaction between OM and PG, 
significantly improving the overall engineering performance and ensuring the environmental safety of OP-CLSM in compliance with 
relevant standards.

OP-CLSM offers a cost-effective solution with strong potential for large-scale applications. For example, preparing 1 m³ of OP- 
CLSM (ID: OM40PG40, Binder: 12 % OPC + 8 % FA) requires approximately 118 kg of OPC and 59 kg of FA. Since the fine aggre
gate consists of two types of solid wastes (OM and PG), incurring no material cost. Additionally, the transportation of PG from the 
tailings pond west of Dianchi Lake to Kunming’s northeastern main urban area covers a manageable distance of 40–80 km, resulting in 
reasonable transport expenses. Therefore, the total material cost, including binders, admixtures, tap water, and PG transportation, is 
approximately 78–84 RMB/m³ . The total carbon emissions from OP-CLSM production, accounting for raw materials production and 
the PG transportation, are approximately 99.8 kg/m³ . Overall, OP-CLSM demonstrates lower costs and carbon emissions compared to 
typical CLSM (cost: 135.2–339.3 RMB/m³; carbon emissions: 139–182 kg/m³) [90]. Collectively, these factors enhance the economic 
viability and scalability of OP-CLSM for urban construction and sustainable waste management.

6. Conclusion

This study systematically evaluated the feasibility of using a mixture of OM and PG as fine aggregates in the preparation of OP- 
CLSM, aiming to promote the large-scale reuse of industrial and construction waste materials. A series of laboratory experiments 
were conducted to investigate the effects of various mix proportions, organic matter content, binder ratios, and chemical admixtures 
on the fresh and hardened properties of OP-CLSM. The key conclusions are as follows: 

1) With appropriate mix designs, the optimized OP-CLSM incorporating OM and PG as composite fine aggregates achieved desirable 
engineering properties, including high flowability (>150 mm), acceptable bleeding rates (0.7 – 7.0 %), short setting times (<24 h), 
moderate unconfined compressive strength (0.3–1.8 MPa), and satisfactory environmental safety that is characterized by an 
alkaline pH (10− 12) and leaching concentrations of harmful substances compliant with the limits specified in GB/T 14848: 
Category IV.

2) Due to the water retention capacity of organic matter and its inhibitory effect on cement hydration, increasing either the OM 
proportion or the wu in OM significantly reduces the fluidity, bleeding rate, and unconfined compressive strength (UCS) of OP- 
CLSM, while also prolonging the setting time.

3) Among the tested admixtures, polycarboxylate superplasticizer (PCE) exhibited superior performance in enhancing fluidity, 
reducing bleeding and setting time, and increasing compressive strength, outperforming both calcium chloride (CaCl₂) and trie
thanolamine (TEA).

4) Suitable performance of OP-CLSM is achieved with fine aggregates composed of 30 % - 40 % OM and 40 % - 50 % PG (dry material 
mass ratio, totaling 80 %), combined with 12 % - 16 % Ordinary Portland cement (OPC) and 4 % - 6 % fly ash (FA) (dry material 
mass ratio, totaling 20 %) as stabilizers, and 0.4 % PCE (by OPC mass).
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