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Abstract. Deep Soil Mixing (DSM) is widely used to improve soft and problematic soils, traditionally 

relying on cement or lime as binders. However, their high carbon footprint and durability limitations under 

aggressive environments highlight the need for sustainable alternatives. This study evaluates alkali-activated 

binders produced from industrial byproducts: fly ash (FA), granulated blast furnace slag (GBFS), and 

calcium carbide slag (CCS), for stabilizing silty clay. Sodium hydroxide (NH) and sodium silicate (SS) were 

used as the primary activators, while red mud was incorporated as a minor supplementary alkaline additive. 

Binder slurries were prepared with a fixed Na2O content of 8% and an NH/SS ratio of 1.5, while the water-

to-binder ratio was varied from 0.6 to 1.2. Slurry workability was characterized using a Marsh funnel test, 

and the mechanical performance of stabilized soils was evaluated through unconfined compressive strength 

tests after 7 and 28 days of curing. Results show that FA-rich mixtures exhibit limited early strength, whereas 

higher GBFS and CCS contents promote C-A-S-H gel formation, matrix densification, and significantly 

enhanced strength. An optimal FA:GBFS:CCS ratio of 2:5:3 achieved favorable slurry properties and 

delivered 20–30% higher strength than cement-stabilized soil, demonstrating the potential of this low-carbon 

binder for sustainable DSM practice.

1 Introduction 

Rapid urban growth in Jinan, Shandong Province, 

particularly the construction of metro networks and tall 

building foundations, has intensified the demand for 

deep foundation solutions for construction activities on 

weak and heterogeneous soils [1, 2]. Among the 

available ground-improvement approaches, Deep Soil 

Mixing (DSM) has become a widely adopted technique, 

as it strengthens in-situ soils through mechanical 

blending with cementitious or chemical binders while 

offering advantages such as low vibration, limited 

excavation requirements, suitability for constrained 

urban sites, and flexibility in layered ground conditions 

[3-5].  

Conventional DSM practices predominantly rely on 

lime and cement binders due to their availability and 

rapid strength gain, with performance linked to 

hydration, ion exchange, and pozzolanic reactions [6-8]. 

However, these binders raise growing environmental 

and technical concerns. Cement manufacture produces 

approximately 0.8–0.9 tonnes of CO2 per tonne of 

product, while lime generates around 0.7–0.75 tonnes, 

together contributing to roughly 7–10% of global 

anthropogenic CO2 emissions [9-11]. Additional 

drawbacks include shrinkage at early ages [12], curing 

sensitivity [13], and deterioration risks in sulfate-rich or 

acidic environments [14]. These issues have motivated 

increasing interest in low-carbon binder systems, 

particularly alkali-activated binders (AABs). 
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AABs have gained increasing attention as viable 

substitutes for conventional cement, owing to their 

capacity to incorporate industrial byproducts while 

delivering mechanical strength and durability 

performance comparable to (or in some cases 

surpassing) traditional binders, alongside markedly 

reduced CO2 emissions [15, 16]. These systems are 

generally produced by chemically activating 

aluminosilicate-rich precursors, such as fly ash (FA) or 

ground-granulated blast furnace slag (GBFS), with 

alkaline solutions or solid activators [16-18]. Common 

activators employed in AABs are sodium hydroxide 

(NH), sodium silicate (SS), sodium carbonate (NC), and 

calcium hydroxide (CH), each exhibiting distinct 

dissolution behaviors and reaction kinetics that 

influence binder development [15]. 

Despite encouraging findings in the stabilization of 

concrete and shallow soil stabilization [19-21], the 

application of AAB systems in DSM remains 

comparatively underexplored. The effective integration 

of AABs into DSM requires the coordinated 

optimization of material composition (precursor 

selection, ratios, and activator chemistry) and field 

implementation parameters (binder dosage, water–to–

binder ratio (W/B), and slurry characteristics) [15-17]. 

These coupled factors govern the development of gels, 

their strength evolution, durability, and constructability. 

This study aims to develop a low-carbon, high-

performance alkali-activated binder system designed 

explicitly for the DSM treatment of problematic silty 
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clays in Jinan. A multi-waste precursor system 

comprising FA, GBFS, and calcium carbide slag (CCS) 

was investigated to enhance soil strength and overall 

engineering behavior. Sodium hydroxide and sodium 

silicate served as the primary alkaline activators because 

these activators provide, respectively, a highly alkaline 

environment for precursor dissolution and soluble 

silicate species that support gel formation in the FA–

GBFS–CCS system [37]. This choice is particularly 

suitable for the present precursor blend because the fly 

ash is a low-calcium Class F material, whereas GBFS 

and CCS already supply calcium within the binder 

system. Additionally, Red mud (RM) was incorporated 

only as a minor supplementary alkaline additive under 

the fixed activator regime. Owing to its inherent 

alkalinity and reactive oxides, RM can serve as an 

auxiliary activator or precursor; however, its content 

must be carefully optimized to avoid adverse effects 

[22]. This research supports the strategic goals of 

China’s 15th Five-Year Plan, which prioritize the 

sustainable, high-value utilization of bulk industrial 

solid waste and advance greener, more resilient DSM 

technologies. 

2 Materials and methodology  

2.1 Materials  

A locally sourced soil obtained from the Yellow River 

floodplain in Jinan, Shandong Province (China), was 

used as the base material. FA, GBFS, and CCS were 

obtained from a nearby thermal power plant, a titanium 

dioxide production facility, and a local supplier, 

respectively. Ordinary Portland Cement (OPC, 42.5 

grade) was included as a reference binder to benchmark 

the soil–AAB mixtures against conventional cement-

stabilized soil.  

 

 

Fig. 1. Particle size distribution curves of different materials. 

The particle size distributions of the soil, FA, GBFS, 

CCS, RM, and OPC were determined using a Microtrac 

S3500 laser particle size analyzer, and the gradation 

curves are presented in Fig. 1. The soil has a liquid limit 

of approximately 35% and a plasticity index of 18.1%, 

which classifies it as having low to medium plasticity 

clay according to the Unified Soil Classification System 

(USCS).  

 Representative scanning electron microscopy 

(SEM) images of the raw materials are shown in Fig. 2. 

The soil, GBFS, CCS, RM, and OPC primarily consist 

of irregular angular particles, whereas FA exhibits 

predominantly spherical particles, as typically observed 

in pulverized coal combustion ash. 

 

Fig. 2. SEM images: (a) Soil, (b) Cement, (c) FA, (d) GBFS, 

(e) CCS, (f) RM.  

 

Fig. 3. Chemical composition of different materials.  

Chemical oxide compositions obtained through X-

ray fluorescence (XRF) are shown in Fig. 3. Based on 

ASTM C618 [23], the FA used in this study is 

categorized as Class F, as indicated by its low CaO 

content (2.14%). The relatively high SiO2 and Al2O3 

contents in FA and GBFS ensure adequate 
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aluminosilicate availability for alkali activation, while 

the elevated CaO contents in GBFS and CCS provide 

calcium necessary for hydration and gel formation. 

Alkali activation was achieved using SS, NH, and 

RM. The NH pellets (96% purity) and SS solution 

(SiO2/Na2O modulus = 3.3, 63% water content) were 

obtained from local suppliers. RM was sourced from a 

bauxite refining facility in Zibo City, Shandong 

Province, and its chemical composition is documented, 

along with that of the other materials, in Fig. 3. Owing 

to its high alkalinity and significant Al2O3 and Fe2O3 

contents, RM was incorporated as a minor 

supplementary alkaline additive. In the present mix 

design, RM dosage was fixed at 5% of the activator 

dosage, corresponding to 1.79 g per kg of dry soil. Fig. 

4 shows the different materials used in this study. 

 

Fig. 4. Different materials used in the study. 

2.2 Methodology  

All soil samples and binder precursors were oven-dried 

and subsequently sealed in airtight containers prior to 

testing. For the reference OPC system, predetermined 

quantities of OPC and water were mixed in a Hobart 

mixer for approximately 10 minutes to obtain a slurry 

for rheological measurements. Soil–OPC blends were 

prepared in the same mixer by combining soil, OPC, and 

water according to the specified water content, binder 

dosage, and water-to-binder ratio. 

For alkali-activated binder mixtures, the activator 

was prepared by first dissolving NH pellets in the 

required portion of water, after which the SS solution 

was added to achieve the desired composition. Only the 

additional water not already present in the SS solution 

was used to dissolve NH, thereby maintaining the target 

W/B ratio. The prepared activator was stored in a curing 

chamber at 20 ± 2 °C and 95% RH for about 24 h before 

use. This conditioning period is essential for silicate-

based activators because silicate species undergo time-

dependent structural rearrangement that is highly 

influenced by concentration and temperature. Allowing 

the activator to equilibrate promotes a more stable 

silicate distribution and temperature, resulting in 

improved consistency in precursor dissolution, 

rheological behavior, and early-age strength 

development [20, 24]. 

In case of slurry-related studies, dried precursors 

(FA, GBFS, CCS) were manually blended for 1–2 

minutes to ensure uniformity, followed by the addition 

of red mud and the prepared activator. Mixing was then 

continued for 10 min in a Hobart mixer. Soil–AAB 

mixtures were prepared using the same procedure, 

combining soil, water, precursors, and activator, and 

then mixing for 10 minutes prior to specimen casting. 

Marsh funnel viscosity [25], bleeding [26], and pH 

[27] of binder slurry were measured. In the case of soil-

binder mix, strength evaluation was carried out using 

unconfined compressive strength (UCS) testing. 

Cylindrical specimens with dimensions of 50 mm in 

diameter and 100 mm in height were molded in split 

cylinders, cured at 20 ± 2 °C and 95% relative humidity, 

demolded after 24 h, and subsequently tested at curing 

ages of 7 and 28 days. The UCS tests were conducted at 

a loading rate of 1 mm/min. Additionally, SEM was 

performed on selected hardened soil–binder samples 

after UCS testing at the corresponding age (7 or 28 days) 

to investigate the microstructural basis of strength 

development, including gel formation, matrix 

densification, visible porosity, and partially reacted 

particles. 

2.3 Design of experiments  

An initial parametric investigation was conducted to 

determine an appropriate water-to-binder ratio for 

alkali-activated slurry preparation, varying W/B from 

0.6 to 1.2. This preliminary screening was conducted 

only on the OPC reference system and AAB4. The latter 

was selected as a representative alkali-activated 

formulation with a balanced FA–GBFS–CCS 

composition, avoiding an extreme ternary blend. Based 

on the resulting slurry workability and strength 

performance, W/B = 0.8 was selected for subsequent 

testing. Thereafter, seven representative precursor 

formulations from the FA–GBFS–CCS ternary blend 

system were selected for detailed evaluation, as 

presented in Table 1. These mixtures were designed to 

cover FA-rich, GBFS-dominant, CCS-enhanced, and 

relatively balanced regions of the mixture domain, 

thereby enabling a structured assessment of 

composition-dependent trends relevant to DSM 

applications. 

The experimental design aimed to: (i) examine how 

variations in calcium availability and reactive 

silica/alumina content influence alkali-activation 

reactions and gel development; (ii) ensure sufficient 

flowability and practical suitability under DSM 

conditions; and (iii) maintain a sufficiently focused 

experimental matrix to permit clear interpretation of 

precursor-composition effects. Because the FA–GBFS–

CCS system is a constrained ternary mixture in which 

the component proportions sum to 100%, the mixture 

space is reduced to two independent variables. 

Following Cornell’s [28] guidance for mixture 

experiments, a limited but representative set of 

formulations can be used to capture the principal 

compositional trends without excessive experimental 

complexity. Accordingly, the present study was 

designed as a focused comparison of representative 

blended precursor compositions rather than a full 
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screening of all single-, binary-, and ternary-component 

end members. 

Table 1. Different combinations of precursors for the study. 

ID FA (%) GBFS (%) CCS (%) 

AAB1 50 30 20 

AAB2 40 40 20 

AAB3 40 30 30 

AAB4 30 50 20 

AAB5 30 40 30 

AAB6 20 50 30 

AAB7 25 35 40 

Throughout this testing, activator chemistry was 

kept constant to isolate the effect of precursor 

composition. A fixed SS/NH of 1.5 was adopted, in line 

with literature suggesting optimal Si/Al ratios are 

achieved for SS/NH values of 1–2 for enhanced strength 

and matrix density in alkali-activated systems [16, 29]. 

The Na2O dosage was maintained at 8%, corresponding 

to 16 g Na2O per 1 kg of dry soil in the present mix 

design. Under this condition, the corresponding 

activator components were 14.35 g NH and 21.53 g SS 

per kg of dry soil. RM was added as a minor 

supplementary alkaline additive at 5% of the activator 

dosage [30, 31].  

A precursor dosage of 20% by dry weight of soil was 

selected to reflect a mid-range treatment level 

commonly applied in DSM projects, which typically 

span from 10% to 30% depending on performance 

requirements [6, 16, 32]. Here, this dosage refers to the 

FA–GBFS–CCS precursor blend reported in Table 1. 

For controlled laboratory specimen preparation, the 

oven-dried soil was reconstituted to an initial water 

content equal to 1.2 times its liquid limit (42%). This 

prescribed value was selected to represent a weak, high-

moisture condition relevant to wet DSM and to ensure 

consistent comparison among mixtures; it was not 

intended to reproduce a specific in-situ field moisture 

content. 

3 Results and discussion 

3.1 Variation of W/B  

Preliminary trials were conducted using OPC and an 

AAB4, with water-to-binder ratios ranging from 0.6 to 

1.2. Table 2 summarizes the fresh and hardened 

properties of the resulting slurries, including Marsh 

funnel viscosity and UCS at 28 days. 

Although no formal standards define viscosity 

thresholds for DSM applications, several industry 

guidelines and international standards suggest that 

acceptable Marsh funnel viscosities range from 30 to 70 

sec/qt to ensure adequate pumpability, injection 

stability, and uniform soil penetration [33-35]. In line 

with federal performance recommendations, a minimum 

28-day UCS of 1 MPa was targeted for the soil–binder 

mixtures [32, 36]. Among the tested formulations, the 

OPC-based mixes at W/B ratios of 0.7–0.8 met both the 

strength and viscosity criteria. However, the AAB4 

system achieved an optimum viscosity of 58.8 sec/qt 

and a UCS of 1.20 MPa at a W/B of 0.8 only. 

At lower W/B ratios (0.6), AAB4 slurries exhibited 

significantly elevated viscosities, rendering them 

unsuitable for field injection. Conversely, W/B ratios 

≥1.0 resulted in lower viscosities but compromised 

strength, with UCS values falling below the 1 MPa 

threshold for both binder systems. The steeper drop in 

UCS beyond a W/B ratio of 1.0 may suggest that binder 

dilution effects outweigh any benefit of additional water 

for precursor dissolution and subsequent gel formation 

in the alkali-activated system, as well as cement 

hydration in the OPC system. 

Yu et al. [24] also reported that increasing the W/B 

ratio from 0.6 to 1.2 in cement-stabilized marine clay led 

to a progressive reduction in UCS and a substantial 

increase in workability. The results emphasized a 

similar trade-off between pumpability and mechanical 

performance, validating the selection of W/B = 0.8 as an 

effective compromise for wet DSM operations. 

Based on these trends, a W/B ratio of 0.8 was 

selected for subsequent testing. This ratio offers a 

practical balance between fresh state workability and 

hardened strength performance, supporting both binder 

dispersion and in-situ soil treatment efficiency. Notably, 

while total moisture includes both slurry and native soil 

water, W/B calculations in this study only accounted for 

slurry water to maintain consistency across mix designs. 

Table 2. Preliminary trials of binders for different W/B. 

W/B 

OPC AAB4 

Viscosity 

(sec/qt) 

UCS-28 d 

(MPa) 

Viscosity 

(sec/qt) 

UCS-28 d 

(MPa) 

0.6 80.0 ± 0.8 NP 214 ± 1.3 NP 

0.7 37.0 ± 0.6 1.59 ± 0.02 98.2 ± 0.6 NP 

0.8 33.0 ± 0.5 1.37 ± 0.01 58.8 ± 0.3 1.20 ± 0.01 

1.0 28.6 ± 0.7 1.04 ± 0.03 40.5 ± 0.7 0.86 ± 0.05 

1.2 27.2 ± 0.3 0.83 ± 0.04 34.6 ± 0.3 0.65 ± 0.07 

NP: Not Performed 

3.2 Variation of the precursors proportion  

The performance of the alkali-activated binder systems 

was assessed through seven precursor combinations 

(AAB1–AAB7). The slurry properties, including 

viscosity, bleeding/sedimentation, and pH, are presented 

in Table 3, while the 7-day and 28-day UCS results are 

shown in Fig. 5. 

As shown in Table 3, all AAB slurries exhibited 

stable rheological behavior, with Marsh funnel 

viscosities ranging from 50.4 to 68.4 sec/qt and no 

observable bleeding or sedimentation. The consistently 

high pH values (13.40–13.50) indicate a strongly 
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alkaline environment, favorable for the dissolution of 

aluminosilicate precursors and subsequent gel 

formation. In contrast, the OPC slurry showed a 

markedly lower viscosity (33.0 sec/qt), a lower pH 

(12.8), and measurable sedimentation of 3.2% after 15 

minutes, reflecting inferior slurry stability. The absence 

of bleeding in all AAB mixes highlights their suitability 

for DSM applications, where segregation resistance is 

critical. 

Table 3. Slurry properties for different binders. 

Sample 
Viscosity 

(sec/qt) 

Bleeding/ 

Sedimentation 

(%) 

pH 

AAB1 54.6 ± 0.6 0 13.40 ± 0.02 

AAB2 50.4 ± 0.4 0 13.50 ± 0.02 

AAB3 57.4 ± 0.5 0 13.40 ± 0.03 

AAB4 58.8 ± 0.4 0 13.45 ± 0.02 

AAB5 63.0 ± 0.3 0 13.40 ± 0.03 

AAB6 58.8 ± 0.4 0 13.50 ± 0.01  

AAB7 68.4 ± 0.5 0 13.45 ± 0.02 

OPC 33.0 ± 0.3 3.20 12.80 ± 0.05  

The UCS results in Fig. 5 demonstrate a pronounced 

dependence of strength development on precursor 

chemistry. Across the AAB formulations, increasing the 

proportion of GBFS and CCS resulted in substantial 

improvements in both early-age and long-term strength. 

This trend reflects the higher calcium availability and 

greater intrinsic reactivity of GBFS and CCS under 

alkaline activation, which promote the formation of 

calcium-rich binding gels, mainly C–A–S–H-type 

phases. These reaction products strengthen the treated 

soil by binding soil particles and residual precursor 

grains, filling pore spaces, and forming a denser, more 

continuous matrix, thereby increasing resistance to axial 

compression. 

Among all mixes, AAB6 (50% GBFS and 30% 

CCS) achieved the highest 28-day UCS of 1.70 MPa, 

while maintaining a practical viscosity of 58.8 sec/qt. In 

contrast, AAB1, characterized by a high FA content 

(50% FA), exhibited the lowest UCS of 0.53 MPa, 

despite having a comparable viscosity (54.6 sec/qt). 

This represents an approximately 220% increase in UCS 

from AAB1 to AAB6, underscoring the critical role of 

calcium-rich precursors in promoting the formation of a 

denser load-bearing binder matrix. Across all AAB 

mixes, the UCS increased by approximately 61–77% 

between 7 and 28 days, indicating continued reaction 

and progressive densification of the binder matrix. 

These delayed strength gains are consistent with 

continued alkali-activation reactions, progressive gel 

formation, and matrix densification in the alkali-

activated systems. 

 

 

Fig. 5. UCS of soil-binder mixes. 

When compared with OPC, AAB5–AAB7 

demonstrated superior mechanical performance at both 

curing ages. Specifically, the UCS values of these AAB 

formulations were 23–37% higher at 7 days and 13–24% 

higher at 28 days than those of OPC. These results 

highlight the enhanced reactivity and sustained strength 

development of optimized alkali-activated binders 

relative to conventional cement-based systems.  

The suitability of binder systems for DSM 

applications was evaluated against two commonly 

adopted criteria: a minimum 28-day UCS of 1.0 MPa 

[32, 36] and a Marsh funnel viscosity of 30-70 sec/qt 

[33-35]. Based on these thresholds, AAB4–AAB7 

satisfied both strength and workability requirements, 

with AAB6 emerging as the most promising formulation 

due to its optimal balance of rheology and strength. In 

contrast, AAB1–AAB3 failed to meet the UCS 

requirement despite having acceptable viscosities, 

highlighting the need for sufficient calcium content in 

the precursor blend. 

The mechanical trends observed are strongly 

supported by the SEM observations shown in Fig. 6. The 

OPC specimens (Fig. 6a and 6b) exhibit a heterogeneous 

microstructure with visible capillary pores and needle-

like ettringite crystals, particularly at early ages. The 

strength development at 28 days for the OPC-based mix 

is primarily governed by the formation of a conventional 

C–S–H gel. In contrast, AAB6 exhibits a significantly 

denser, more homogeneous matrix, characterized by the 

formation of a C–A–S–H gel upon alkali activation of 

GBFS and CCS (Fig. 6d).  

At 7 days (Fig. 6c), partially reacted GBFS particles 

are embedded within a developing C–A–S–H gel 

network, while at 28 days (Fig. 6d), the microstructure 

evolves into a compact, continuous gel matrix with 

minimal visible porosity. Conversely, FA-dominant 

systems, such as AAB3 (Fig. 6e), exhibit incomplete gel 

formation, residual unreacted particles, and a more 

porous microstructure, which explains their 

comparatively lower UCS. These microstructural 

differences confirm that GBFS- and CCS-rich systems 

promote denser, more cohesive reaction products, which 
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directly translate into improved mechanical 

performance. 

 

Fig. 6. SEM images of selected hardened soil–binder 

specimens after UCS at the indicated age: (a) OPC-7 days, (b) 

OPC-28 days, (c) AAB6-7 days, (d) AAB6-28 days, (e) 

AAB3-28 days. 

4 Conclusions 

This study investigated the fresh and hardened 

performance of alkali-activated binders formulated with 

FA, GBFS, and CCS for application in wet DSM, with 

particular emphasis on the effects of water-to-binder 

ratio and precursor composition. Based on the 

experimental results, the following conclusions can be 

drawn: 

• The W/B ratio strongly governs slurry workability 

and strength development; a value of 0.8 provides 

the optimal balance for wet DSM, satisfying both 

viscosity and UCS requirements for alkali-activated 

binders. 

• All AAB slurries exhibited stable fresh-state 

behavior, with Marsh funnel viscosities of 50–68 

sec/qt, no bleeding or sedimentation, and high 

alkalinity, outperforming OPC in terms of slurry 

stability. 

• Strength development was highly dependent on 

precursor composition, with increasing GBFS and 

CCS contents markedly enhancing both early-age 

and 28-day UCS due to improved calcium 

availability and reactivity. 

• The optimized formulation AAB6 (50% GBFS + 

30% CCS) achieved the highest 28-day UCS (1.70 

MPa) while maintaining suitable workability, 

exceeding OPC performance at both 7 and 28 days. 

• SEM observations confirmed that GBFS- and CCS-

rich systems form denser, more homogeneous gel 

matrices, whereas FA-dominant mixes exhibit 

incomplete reaction and porous microstructures. 

This study proposes a novel binder system that 

incorporates secondary materials as a sustainable, 

durable alternative to conventional cement for deep soil 

mixing applications. The findings establish a valuable 

reference for the development of low-carbon soil 

stabilization technologies in soft ground engineering. 

Future investigations should place greater focus on the 

role of activator characteristics in governing binder 

performance. In addition, a systematic assessment of the 

residual, unreacted binder is needed to quantify reaction 

efficiency better and support the design of optimized 

mixtures for soils with different initial water contents. 

Further evaluation of long-term durability, shear 

strength, and sustainability indicators is crucial to fully 

understand the behavior of the binder and verify its 

applicability in practical engineering scenarios. 
This research work is supported by Regional Collaborative 
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