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Abstract
Red clay exhibits characteristics such as softening owing to water absorption and cracking because of water loss, which can

lead to slope instability, road cracking, and compromised structural integrity when used directly in roadbed filling.

Although the addition of industrial materials such as cement is a common engineering treatment, it severely impairs soil

renewability. Lignosulfonate (LS) extracted from paper plant waste fluids is a natural bio-based polymer with promising

applications as a soil improver. In this study, the boundary moisture content and mechanical properties of LS-treated red

clay were investigated using Atterberg, unconfined compressive strength, and direct shear strength tests. Additionally, the

LS-treated red clay modification mechanism was explored at multiple scales using zeta potential analysis, X-ray

diffraction, scanning electron microscopy coupled with energy dispersive spectroscopy, and Fourier transform infrared

spectroscopy. The results indicated that the LS dosage significantly affected both the water content and mechanical

strength of the red clay boundaries. The optimal dosage of LS for red clay was 3 wt. %, at which the liquid limit was

reduced by 32.97%, the plastic limit by 19.33%, and the plasticity index by 48.37%. The 28-day compressive strength of

LS-treated red clay was increased by 378.4%, and the direct shear strength was increased by 136%. Analysis of the

microstructure and mineral composition revealed that the LS-treated red clay did not form new minerals, but primarily

filled pores and connected soil particles. Through the combined effects of hydrogen bonds, electrostatic interactions, and

cation exchange, the LS-treated red clay reduced the size of the mineral particles and the thickness of the mineral double

electric layer, resulting in increased structural densification. These results are of great scientific significance for the

ecological modification of soils.
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1 Introduction

Red clay is a category of special soil with a high liquid

limit (LL[ 50%), high plasticity index (PI[ 26), and fine

gradation (clay content[ 90%) formed by the weathering

of carbonate rocks under subtropical climatic conditions

[1–3]. It contains a large amount of hydrophilic clay

minerals, exhibits a high natural water content, easy

shrinkage and cracking, and poor water stability [3–8]. The

Chinese Specifications for Design of Highway Subgrades

(JTG D30-2015) [9] stipulate that untreated high-liquid-

limit soil cannot be used directly as a roadbed filler to

avoid uneven settlement, slope collapse, landslides, and

other engineering problems [10, 11].

To solve the problem of high-plasticity clay not being

used directly for roadbed filling, geotechnical engineering

experts have explored a series of improvement measures to

meet the requirements of road construction projects.

Modified soils, such as sand and gravel, are commonly

used as physical reinforcement [7, 8]. With the rapid

advancement of project construction, the demand for con-

struction materials such as sand and stone has increased,

resulting in the depletion of sand and stone resources and

increasingly serious damage to the natural environment

[12]. Therefore, some scholars have attempted to use

chemical modifications to solidify soil. The most common

method of stabilizing clay is the addition of cement, lime,

or fly ash. Vipulanandan and Mohammed used a polymer

solution to treat expansive soil, which reduced the LL and

PI [13, 14]. Simultaneously, the nonlinear Vipulanandan

p-q stress–strain model was used to simulate the com-

pressive stress–strain relationship between the lime and

polymer-treated expansive soil [15–17]. Lime can be

mixed with soil using water for cation exchange and floc-

culation, thereby achieving clay stabilization [18]. Gener-

ally speaking, the optimal lime dosage is usually between 1

and 8%, but different soils and conditions may require

different optimal lime dosages. The strength of the soil did

not increase linearly with increasing lime content. Exces-

sive lime content reduces the maximum strength of soil

[18, 19]. It can induce agglomeration and cementation of

particles but has a poor curing effect on clays with a higher

PI. In addition, lime modification increases the total

porosity of the soil and harms its pore structure [20].

Cement can be used to stabilize most soils, including red

clays, and the mechanisms by which cement stabilizes soils

have been extensively studied [10, 21, 22]. Similar to the

lime-modified soil, the curing effect is poor for clay with a

high PI [23].

Lignosulfonate (LS) is a bio-based polymer obtained as

a byproduct of the paper industry. It is environmentally

friendly, does not affect soil or groundwater quality, and
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maintains soil ductility while increasing its strength and

stiffness [24–26]. Seco et al. found that additives contain-

ing cations such as Ca2? and Mg2? reduce the repulsive

force between clay layers and induce their flocculation

[27]. This flocculation reduces soil plasticity, reduces

swelling, and increases the bearing capacity. Canakci et al.

discovered that with the addition of 15% lignin, the plastic

index of expansive soil decreased by 50%, and the

unconfined compressive strength (UCS) increased [28].

Alagzgha et al. studied the effects of different percentages

of calcium lignosulfonate (CLS) on the soil. After 2%

modification, the free expansion rate and swelling pressure

of the soil were reduced by 20% [29]. Recently, Qingsheng

et al. found that CLS cements with silt soil improved the

mechanical properties and water stability of the modified

soils [30]. Zhentao et al. investigated the collapsibility of

CLS-modified loess and found that the protonation and ion

exchange of CLS reduced the thickness of the double

electric layer of soil particles [31]. However, LS has been

mainly focused on the strength and mechanical properties

of solidified expansive soil, loess, and silt, and there are

few studies on the impact of LS on the critical moisture

content of red clay [32]. In addition, because of the com-

plexity of LS itself, the improvement mechanism of red

clay treated with LS is not as clear as that of traditional

stabilizers such as cement, and research on the intrinsic

relationship between the microstructure and macroscopic

properties after LS modification is also quite limited.

In this study, the mechanical properties and boundary

moisture content of modified red clay were examined

through the implementation of tests including the Atter-

berg, UCS, and direct shear. The optimal dosage of LS was

determined, and the effect of curing age on the compres-

sive strength and shear strength of modified soil was

studied. Additionally, alterations in the microstructure,

elemental composition, and mineral composition of LS-

treated red clay were analyzed using a scanning electron

microscope (SEM) equipped with energy dispersive spec-

troscopy (EDS), X-ray diffraction (XRD), and Fourier

transform infrared (FTIR) spectroscopy to establish the

mechanism of change in the mechanical properties and

boundary moisture content of LS-treated red clay at mul-

tiple scales. The purpose of the experimental research was

to provide a new idea for the improvement of high-liquid-

limit red clay and replace traditional materials with envi-

ronmentally friendly and economical materials. The

experimental results can provide a reference for practical

engineering applications.

2 Materials and Methods

Figure 1 presents a comprehensive flowchart of the LS

processing of red clay. This method includes three key

stages: (1) obtaining basic physical property indicators of

the LS-treated red clay, (2) evaluating the critical moisture

content and mechanical properties, and (3) analyzing the

microstructure, elemental composition, and mineral com-

position. These three stages are described in detail in

subsequent subsections.

2.1 Red Clay and LS Curing Agent

The soil used in this study (Fig. 2a) was taken from red

clay in Sanming City, Fujian Province, which was passed

through a 2 mm sieve after being naturally dried. Labora-

tory tests were conducted to determine the geotechnical

properties of the red clay, and the results are listed in

Table 1. As shown in Table 1, the red clay was classified

as CH based on the Unified Soil Classification System [33].

X-ray fluorescence results of the soil are presented in

Table 2; the main mineral compositions of the red clay

were SiO2, Al2O3, Fe2O3 and CaO.

LS as shown in Fig. 2b was obtained from the waste by-

product of the processed paper industry mills in Henan

Province, China, and the main elements of LS were C, O,

Ca, and S. LS are natural polymeric anionic surfactants

with phenolic hydroxyl groups as the main functional

group as described in the previous literature [34]. The pH

of LS solution at a concentration of 1 wt.% was about 6.8 at

the temperature of 22 ± 0.5 �C.

2.2 Specimen Preparation

In this study, LS-treated red clay was prepared by mixing a

certain amount of LS with red clay. The red clay was

naturally dried, crushed, and sifted through a 2 mm mesh

to obtain uniform particles. Then the red clay and LS were

mixed thoroughly, and a certain amount of deionized water

was added to prepare a remoulded soil sample with a water

content of 22.8%. The prepared soil specimens were placed

in a sealed packet and left to stand at room temperature for

24 h to ensure adequate mixing of soil and moisture. Soil

samples for the direct shear strength test were fabricated in

a mould with a height of 20 mm and diameter of 61.8 mm

after hydrostatic compression, and specimens for UCS test

were prepared in a mould with a height of 80 mm and

diameter of 39.1 mm. The prepared specimens were

wrapped using cling film to prevent water loss, and then

placed in a standard conditioning room at a temperature of

20 �C and a relative humidity of 96% for curing until the

setting age.
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Fig. 1 Flowchart of the performance evaluation and modification mechanism of red clay treated with lignosulfonate (LS)
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2.3 Measurements

2.3.1 Atterberg Limit

In this test, 200 g of air-dried soil was sieved with 0.5 mm

mesh, and then deionized water was added into the soil,

which was put into double-layer preservation bags for 24 h

of rest [35]. The liquid and plastic limits of soil samples

with LS contents of 0.5 wt.%, 1 wt.%, 3 wt.%, 5 wt.% and

7 wt.% were determined by a photoelectric liquid-plastic

limit combined measuring instrument (Fig. 3a). The LS

dosage was obtained from literature research and pre-ex-

perimentation [36, 37], where 0.5 wt.% dosage was used to

better investigate the change in properties of red clay

treated with LS between 0 and 1 wt.%. If the test results

met the requirements, the soil specimens were put into an

oven at a temperature of 105 �C for 8 h and their moisture

content was measured to calculate the boundary moisture

content of the red clay at each LS dosage.

2.3.2 Direct Shear Strength

The sample for the direct shear strength test was cured in a

standard conditioning room for 7, 14 and 28 d. The test was

performed on a direct shear apparatus (see Fig. 3b) refer-

ring to the ASTM D3080 [38]. Overlying loads of 100,

200, 300 and 400 kPa were applied. The ring cutter was

carefully inserted into the shear box, and stress was applied

by controlling the equipment to maintain a constant shear

rate of 0.8 mm/min. The peak stress was recorded as the

shear strength S of the sample. If no peak stress was

observed, the experiment was terminated when the shear

displacement reached 6 mm, and the shear stress corre-

sponding to 4 mm was recorded as shear strength S.

2.3.3 UCS

The UCS of the LS-treated red clay cured for 7, 14 and 28

d was tested using a pressure testing machine (model:

YYW-2, see Fig. 3c) according to ASTM D2166 [39]. The

stress and strain of the specimens were measured at 15-s

intervals throughout the testing, with the loading rate

maintained at 1 mm/min.

2.3.4 Zeta Potential

A nanoparticle size potential analyzer (model: NanoPlus 3,

see Fig. 3d) was used to investigate the changes in the

thickness of a diffuse double-layer (DDL) of red clay under

the influence of LS analyze the mechanism of the change in

the boundary moisture content of red clay from the per-

spective of the diffusion layer. The specific steps for

specimen preparation were as follows: The red clay cru-

shed by the straight shear test was dried and pass through

0.075 mm sieve. A total of 1 g red clay was weighed and

mixed with 20 ml of ultrapure water to form a suspension,

and 10 ml of the upper clarified layer was collected after

30 min of standing. The clear liquid was submitted to the

Fig. 2 Representative specimens of a red clay and b LS

Table 1 Basic physical indices of red clay

Properties Values

Natural moisture content (%) 28.5

Liquid limit (%) 65.15

Plasticity limit (%) 34.49

Plasticity index (PI) 30.66

Specific gravity (Gs) 2.76

Maximum dry density (g�cm-3) 1.543

Optimum moisture content (%) 22.8

pH (water/soil = 1) 4.82

Grain size distribution (%)

Clay (\ 0.005 mm) 31.90

Silt (0.005–0.075 mm) 66.50

Sand (0.075–2.000 mm) 1.60

Table 2 Chemical composition of red clay

Chemical composition

(%)

Red

clay

Treated (LS = 3 wt.%) red

clay

SiO2 43.67 39.14

Al2O3 22.13 23.35

Fe2O3 14.32 16.02

MgO 1.43 1.76

CaO 0.12 7.53

Na2O 0.15 0.18

K2O 2.87 1.82

MnO 0.05 0.05

P2O5 0.13 0.17

TiO2 1.87 2.11

Others 13.26 7.87

International Journal of Civil Engineering

123



analyzer for determine the zeta potential at temperature of

22 �C [40].

2.3.5 XRD Analysis

The 3 wt.% LS-treated red clay at the age of 28 days was

dried in an oven at 40 �C for 48 h and then passed through

0.075 mm sieve, and analyzed by using XRD (model:

X’pert3, see Fig. 3e) with Cu-Ka radiation

(k = 0.15405 nm) at a voltage of 40 kV and current of

20 mA. The scanning range was 10�–80� with a step size of
0.02� and a scanning speed of 2�/min [41]. The test data

were processed using MDI Jade 6.5 software, in which the

peaks were labelled using standard PDF cards, and the

mineral type was determined from the diffraction peaks.

2.3.6 SEM Test

SEM images were captured using an environmental SEM

(model: FEI Quanta 250, see Fig. 3f). A specimen of

10 9 10 9 10 mm with naturally formed fracture was

extracted from the middle of untreated and 3 wt.% LS-

treated red clay after drying for 48 h at 40 �C. Prior to the

test, the specimens were coated with a thin gold layer using

ion-sputtering equipment to achieve optimal electrical

conductivity. The morphology of the specimen was

observed using SEM at a magnification of 2,000 times. To

quantitatively identify the elemental composition of the

modified red clay, elemental analysis was conducted using

an EDS [42].

a b c

d e

f g

Sample
Controller

Direct shear 
rate control Direct 

shear 
apparatus

Sample

measuring 
ring

Sample

Sample

Sample

Sample

Fig. 3 Test instrument: a photoelectric liquid-plastic limit combined measuring instrument, b direct shear instrument, c unconfined compressive

instrument; d nanoparticle size potential analyzer instrument, e X-ray diffractometer (XRD) instrument, f scanning electron microscope (SEM)

instrument and g Fourier transform infrared (FTIR) spectroscopy instrument

International Journal of Civil Engineering

123



2.3.7 FTIR Spectroscopy

An FTIR spectrometer (model: Nicolet iS50, see Fig. 3g)

was used to determine the characteristic functional groups

of LS-treated red clay. Prior to the test, 5 g of red clay was

dried at 40 �C for 8 h, ground, and passed through a sieve

of 0.075 mm. The FTIR spectrum of red clay was recorded

within the wavenumber range of 4000–400 cm-1, the

number of scans was 64 and the spectral resolution was

4 cm-1 [43].

In summary, the details of the test schema are presented

in Table 3.

3 Experimental Results and Discussion

3.1 Boundary Moisture Content

The results of the bounding moisture content test for red

clay with different LS dosages are shown in Fig. 4. It can

be observed from Fig. 4 that the LL and PI of high-liquid-

limit red clay first decreased and then increased with

increasing dosages of LS, whereas the plastic limit

decreased significantly. The slopes of the curves for both

the LL and PI were maximized when the dosage was 0.5

wt.%, and the change in the bounding moisture content is

the most obvious and fastest reduction. The LL and PI

curves increased slightly when the dosage exceeded 3

wt.%, which indicates that the increase of LS dosage had

less and less effect on the boundary moisture content of the

red clay. In addition, the LL and PI of the red clay mixed

with more than 1 wt.% LS were less than 50% and 26,

respectively, which did not belong to the category of high-

liquid-limit soils, and indicated that the treatment effect of

LS on the high-liquid-limit characteristics of red clay is

satisfactory.

3.2 Direct Shear Strength

The results of the direct shear tests on soils with various LS

dosages at different curing ages are shown in Fig. 5. The

strength of the treated soil increased and subsequently

decreased when the LS dosage increased. The shear

strength and curing time were positively correlation at a

given LS content. The improved direct shear strength is

due to the LS modifier, which enhances the interparticle

connections, forms larger skeletal aggregates in the soil

over time, and is maintained [44]. In addition, shown in

Fig. 5c, the LS-treated red clay with 3 wt.% doping has the

best reforming effect at the age of 28 d and the vertical load

of 400 kPa, which is 58.67% greater than that of the

untreated soil. A diagram of a direct shearing specimen is

shown in Fig. 6.

3.3 UCS

The effects of the LS dosage and curing time on the UCS

values of the specimens under different compaction

degrees are illustrated in Fig. 7. It is observed from Fig. 7

that the strength gradually increases with extended curing
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Fig. 4 Variation trend of the boundary moisture content

Table 3 Test schema of this work

Test type Test method LS Additive content (%) Compaction degree (%) Moisture content (%) Curing time (days)

Atterberg limits ASTM D4318 0, 0.5, 1, 3, 5, 7 N/A N/A 1

Direct shear test ASTM D3080 0, 0.5, 1, 3, 5, 7 95 22.8 7, 14, 28

UCS ASTM D2166 0, 0.5, 1, 3, 5, 7 95, 97 22.8 7, 14, 28

Zeta ASTM E2865 0, 0.5, 1, 3, 5, 7 95 22.8 7

SEM ASTM E986 0, 0.5, 1, 3, 5, 7 95 22.8 28

EDS ASTM E986 0, 3 95 22.8 28

XRD ASTM E2860 0, 3 95 22.8 28

FTIR ASTM E3085 0, 3 95 22.8 28
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time, whereas it increases initially and then decreases with

increased LS dosage. The strength reaches the maximum

value at 3 wt.% LS content. In Fig. 7a, the UCS value of

28-day curing time substantially increased for all LS-trea-

ted red clays, and increased to a maximum of 780.6 kPa at

3 wt.% LS content, showing a significance of about 3.78

times. Figure 7b shows the UCS value of untreated soil is

138.7 kPa at the compaction degree of 97%, and gradually

increases with an increase in LS dosage within 3 wt.%. The

UCS value of 28-day curing time increased by 3.36 times

at 3 wt.% LS content. It is widely recognized that LS acts

as cementation in soil particles, connecting them and filling

the pores, and bonding LS with the red clay minerals more

closely with curing time [45]. However, a gradual decrease

in strength was observed with an increase of LS dosage,

which is be attributed to the formation of soft surfaces after

excess LS aggregation, and the aggregated LS easy slide

under the external force, which is macroscopically mani-

fested by a decrease in strength. Thus, it can be inferred

that LS substantially enhances the UCS compared to that of

natural red clay. A damage diagram of UCS test specimens

is shown in Fig. 8.

3.4 Zeta Potential

Changes in the diffusion layer on the surface of the clay

particles were analyzed based on the results of the elec-

trophoretic tests. The Gouy-Chapman diffusion bilayer

model is shown in Fig. 9 [46] and can quantitatively

characterize the thickness change of the diffuse double

electric layer, which is significant in studying soil stability.

Under the assumption that the Gouy-Chapman diffusion

electric double-layer model is satisfied, the charge density

(r) on the surface of soil particles is calculated by Eq. (1)

[47].
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where, r is the charge density on the surface of soil par-

ticles, e is the dielectric constant, j is the reciprocal of the

thickness of the DDL, x is the distance from the surface of

soil particles and wo is the particle surface potential.

From Eq. (1), it is seen that j increases with the growth

of electrolyte consistency and charge number, which means

that the thickness of the DDL on the surface of the particles

(the inverse of j) becomes smaller as r increases. In an

electrophoresis test of the solution containing deionized

water and different LS content, the soil particles with

charges on the surface moved towards the electrodes with

opposite electrical properties in the electric field. The test

results are presented in Fig. 10. As shown in Fig. 10, the

zeta potential of red clay decreases with an increase in the

LS content, and a decrease in the zeta potential value

indicates a decrease or change in the surface charge of the

particles. However, from Eq. (1), a positive relationship

can be observed between the zeta potential and DDL

thickness. The reduction of the diffusion layer causes a

decrease in the zeta potential because the LS can interact

with the negative charges on the soil particle surface to
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neutralize some of those charges, which leads to the

weakening of the attraction force between soil particles.

The thickness of the DDL is reduced and the repulsive

force between the particles decreases, contributing to a

reduction in boundary moisture content of the LS-treated

red clay.

3.5 XRD Analysis

XRD analysis was used to estimate the crystallite size of

the clay minerals and to identify the emergence of new

compounds in both LS-treated red clay and untreated soil.

The XRD diffractograms of the untreated and LS-treated

red clay after 28-day curing are shown in Fig. 11. The

analytical results indicate that the principal minerals pre-

sent in the red clay are quartz and kaolinite, with micro-

levels of chlorite and illite. No changes was observed in the

diffraction peak of the LS-treated red clay, which is con-

sistent with the results reported by Vinod et al. [48]. The

Scherrer equation was used to determine the crystal sizes of

these minerals to assess LS-induced modifications to clay

minerals in more detail, as shown in Eq. (2) [49].
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Fig. 11 XRD diffractograms of untreated and 3 wt.% LS-treated red clay

Table 4 Parameters obtained from the XRD analysis of untreated and 3 wt.% LS-treated red clay

Type of clay

mineral

Bragg’s angle

(degrees)

Untreated soil 3% LS-treated red clay Percentage reduction

(%)
FWHM

(degrees)

Crystalline size

(nm)

FWHM

(degrees)

Crystalline size

(nm)

Quartz 27.81 0.176 48.79 0.266 32.21 34.01

Kaolinite 17.77 0.241 34.93 0.318 26.49 24.16

Hematite 25.45 0.393 21.74 0.498 17.16 21.06

Alumina 45.44 0.395 22.87 0.411 21.98 3.89

Illite 19.77 0.189 44.76 0.289 29.27 34.60

Clinochlore 42.40 0.120 74.51 0.267 33.53 54.99

FWHM full width at half maximum
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L ¼ kk
b cos h

ð2Þ

where, L = crystalline size; k = Scherrer constant (0.90 in

this study); k = wave length of the X-radiation [k is

0.15405 nm (1.5405 Å) in this study]; and b = width of a

peak at half height expressed in 2h.
The crystal sizes of red clay mineral are listed in

Table 4. It can be noted that the particle sizes of all soil

minerals treated with LS decreased compared with

untreated red clay, and the crystal size decreased based on

the type of clay mineral; the reduction of chlorite can reach

up to 54.99%, whereas it was only 3.89% for alumina. This

phenomenon could be explained by the interstitial con-

nection between clay minerals and the structure of the clay,

which results in bilayers of varying thicknesses [50].

Because no new compounds were discovered, the reduction

in mineral crystal size was possibly caused by a change in

the negative charge of the clay surface under the action of

LS. Consequently, it is inferred that the clay minerals

(negatively charged) and LS (positively charged) interact

electrostatically, resulting in a decrease in the surface

negative charge and a subsequent decrease in the size of the

mineral crystal.

3.6 EDS Spectrum

The EDS spectra of original and modified red clay are

shown in Fig. 12. As shown in Fig. 12, there was almost no

obvious difference in the EDS spectra of the original and

modified samples, indicating that no new elements were

formed between the red clay and LS. From the perspective

of quantitative elemental composition to analysis, the basic

constituent elements of clay minerals were Al and Si. If the

Al-Si ratio decreases, this indicates that chemical alteration

may occur; conversely, this may be because SiO2 s released

from the clay minerals. The Al and Si contents were

17.76% and 15.94% in the untreated soil, respectively,

whereas they were 13.22% and 12.44%, respectively, in the

LS-treated red clay. The variation in the ratio of Al:Si in

this study was approximately 4.39%, which indicates that

the variation in the ratio of the elements of the red clay is

negligible. Therefore, the slight increase in the ratio from

1.114 to 1.065 after treatment implies that the LS-treated

red clay achieves an improvement by altering the mineral

lattice without chemical reactions.

3.7 SEM Analysis

To examine the microstructural changes in red clay after

LS addition, SEM images of untreated and LS-treated red

clay are depicted in Fig. 13. Figure 13a shows that the
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untreated red clay structure is discontinuous, composed a

loose clay matrix, and has more pores because of the

insufficient bonding. The arrangement of the clayey soil

mineral sheets can be observed in the upper-right corner of

the micrographs in Fig. 13a, which is dominated by face-

to-face bonding, and the particle aggregates are predomi-

nantly platy and ellipsoidal. In contrast, the SEM images of

the 3 wt.% LS treated soil in Fig. 13b showed considerable

changes in morphology due to the addition of LS, that is,

more sharp-edged flocculated particles can be observed.

Red clay particles were coated and bonded with this

cementing material because the interaction between LS and

water within the red clay fills the large clay pores and

connects small clay particles, resulting in a more stable and

aggregated mixture with larger particles. This phenomenon

reveals the that pore space was effectively reduced within

the red clay, thereby improving the compactness of the soil

structure. Hence, the mechanical properties of the red clay

improved, which was consistent with the enhancement of

the direct shear strength and UCS.
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Fig. 14 Functional groups analysis results: a red clay, b LS, and c 3 wt.% LS-treated red clay
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3.8 FTIR Spectrum

LS is an organic material with complex molecular structure

and diverse chemical properties. The chemical properties

of organic matter are closely related to the activities of its

functional groups. The infrared spectra of the red clay, LS

and 3 wt.% LS-treated red clay are depicted in Fig. 14.

Figure 14a illustrates that the wider characteristic peaks in

the 3700–3100 cm-1 range are attributable to the stretch-

ing vibration peaks of the hydroxyl group vibration in

water adsorbed in the interlayer of the red clay, and the

absorption peak at 1632 cm-1 is the bending vibration of

water. The absorption peaks at 1007 cm-1, 1031 cm-1,

and 912 cm-1 belong to the stretching vibration of Si–O–

Si, whereas the peaks at 3696 cm-1, 3620 cm-1, and

796 cm-1 belong to the vibrations of Al–OH, and the peaks

at 469 cm-1 and 536 cm-1 are attributed to the Fe–O

vibration. As shown in Fig. 14b, LS mainly contains

functional groups consisting of hydroxyl groups

(3417 cm-1), benzene ring (1608 cm-1, 1513 cm-1,

1463 cm-1, 650 cm-1), methoxy (1270 cm-1), alkyl

groups (2935 cm-1), sulfonic acid groups (1150 cm-1) and

C–O–C groups (1034 cm-1). In Fig. 10c LS-treated red

clay contains major functional groups of red clay and LS,

and the existence of characteristic functional groups like

benzene (694 cm-1, 752 cm-1) and S=O (1107 cm-1) are

confirmed by additional peaks in comparison with Fig. 14a.

The same was found by Tomás et al. [51] who confirmed

the formation of bonds between clay minerals and LS.

3.9 Modification Mechanism of LS

Through a series of instrumental analysis techniques, the

changes in the performance of red clay before and after LS

doping were evaluated, and the mechanism of the effect of

LS on the boundary moisture content of red clay was

explored.

Figure 15 shows a schematic illustration of the mecha-

nism of LS-induced changes in the boundary moisture

content of the red clay. It can be seen from Fig. 15 that

electrostatic interactions, hydrogen bonds and covalent

bonds occurred between the red clay and LS, resulting in

the adsorption of LS to the soil mineral surface. After the

addition of LS to red clay, it is hydrolyzed with soil pore

water, and the disintegrated H? shares a pair of electrons

with the active alcohol hydroxyl group of LS, thus forming

positively charged cement in the soil [52, 53]. Owing to

electrostatic action, the positively charged cementitious

products formed are adsorbed on the surface of the nega-

tively charged clay minerals. This process of electric

neutralization changes the structure of the diffuse double

electric layer of the soil particles and the thickness of the

water film, which is consistent with the changing trends in

the zeta potential and clay crystal size. Meanwhile, LS is
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embedded in the expansive mineral lattice, displacing

water in the outer layer of coordinated monovalent and

divalent cations, and then forming direct hydrogen bonds

with the coordinated water or covalent bonds with the

adsorbed cations in the soil [29]. Soil minerals are wrapped

by LS through hydrogen bonds, causing flocculation and

agglomeration of the soil, which decreases the specific

surface area and densifies thereby enhancing the mechan-

ical properties of the soil [54]. The high-valence cation

Ca2? of LS with the low-valence cation (Na?, Li?) on the

surface of clay minerals weakens the thickness of the

adsorption-bound water layer on the surface of the soil

particles, resulting in a decrease in the boundary moisture

content and an increase in the attraction between the par-

ticles, making the soil structure more stable [44, 55].

Furthermore, the substitution of the cationic end of LS for

negatively charged soil particles also reduces the affinity of

red clay for water to a certain extent, promoting the floc-

culation of the particles, enlarging the contact force

between the flocculated aggregates, and significantly

improving the strength.

4 Conclusions

This study proposes a method for improving red clay with a

high liquid content in the southern region of China, which

is unsuitable as a roadbed filler in practical construction.

Indoor tests were conducted to evaluate the performance

and modification mechanism of red clay treated with LS.

The main findings of this study are as follows:

• With an increase in the LS dosage, the LL and PI of the

red clay initially decreased rapidly and then gradually

increased. Moreover, the addition of LS resulted in an

LL of less than 50% and a PI below 26, which do not

qualify as high-liquid-limit clay, making it suitable for

use as roadbed fill.

• The UCS and direct shear strength of LS-treated red

clay initially increased and then decreased as the LS

dosage increased. The maximum strength was achieved

when the curing age was 28 d, compaction reached

95%, and the LS dosage was 3 wt.%. Under these

conditions, the UCS strength and direct shear strength

increased by 378.4% and 136%, respectively, compared

to the untreated soil. However, excessive LS content

caused a decrease in soil strength owing to the

agglomeration effect of LS.

• Microstructural analysis of LS-treated red clay shows

that the flocculation substance produced by the inter-

action between LS and red clay can effectively fill the

pores and connect the soil particles, making the

modified red clay particles denser and more stable.

• The LS-treated red clay had no new mineralogical

components or chemicals generated, and the particle

size of each mineral was reduced, indicating a denser

mineral composition.

• The modification mechanism of LS-treated red clay was

established using multiple scales. At the fine-scale

level, the LS treatment thinned the bilayer of the red

clay particles through electrostatic and ion-exchange

effects, resulting in a significant reduction in the

boundary moisture content of the red clay. Additionally,

LS treatment generates flocculating substances that

interact with soil minerals, enhancing soil stability and

improving mechanical properties.

5 Limitations

The main focus of this study was to investigate the modi-

fication effects of LS on red clay widely distributed in

southern China. The application of soil under other geo-

logical and environmental conditions was not investigated.

This study mainly focused on analysing the short-term

effects of LS on red clay, and the long-term durability of

LS-treated red clay soils under different environmental

conditions was not investigated further. In addition, the

potential environmental impacts of the production and

application of LS have not been explored.

6 Recommendations for Future Research

(1) To ensure practicality, it is necessary to conduct site-

specific tests to determine the optimum curing-agent

dosage before applying these findings in engineering

practice.

(2) Further research is needed to ensure its effectiveness

for long-term behaviour, possibly by conducting wet-

dry and freeze–thaw cycles, as well as discussing the

effects of longer curing times on the test specimens.

(3) Comparison of the constructability and cost-effec-

tiveness of LS with conventional additives is

encouraged, taking into account the environmental

cost of each additive.
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