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Guilin is a world-famous karst area characterized by a high concentration of Ca2+ in its groundwater. 
The disintegration of red clay plays a key role in the collapse of soil caves. In order to study the 
disintegration mechanisms of unsaturated red clay in Ca2+ solution, disintegration tests were 
conducted using a self-made disintegration apparatus. The soil samples are placed on the sieve plate 
of the disintegration apparatus, and a tensile meter records the real-time change of samples mass to 
calculate the disintegration rate. XRD analysis and filter paper method were employed to determine 
the mineral composition and matric suction of red clay, respectively. The results show that the matric 
suction decreases with increasing moisture content and increases with the void ratio. When the 
matric suction exceeds 965 kPa, disintegration is markedly intense, and the disintegration rate shows 
no significant correlation with Ca2+ concentration. When the matric suction is below than 965 kPa, 
the disintegration rate increases from 0.057 to 3.027 g/s with the increase of Ca2+ concentration. 
The disintegration of red clay with high matric suction is primarily attributed to the rapid ingress 
of water molecules and the compression of air due to matric suction, resulting in tensile stress. The 
disintegration of red clay with low matric suction is primarily caused by the reduction in the diffusion 
layer thickness of clay particles and the weakening of interparticle attraction due to Ca2+.
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Guilin is a city with a temperate climate, characterized by an average annual temperature of 18.9 °C, a maximum 
temperature of 42 °C, and an annual average rainfall of 1949.5 mm. The warm and humid climate facilitates 
the leaching of groundwater, which dissolves limestone, calcite, and other minerals, thereby increasing the 
concentration of Ca2+ in the water. Red clay exhibits certain adsorption and chemical activity due to its rich 
minerals such as quartz, feldspar, free oxides, as well as clay minerals such as illite, montmorillonite, and 
kaolinite. Furthermore, the unique structural properties of red clay render it susceptible to disintegration upon 
exposure to water or chemical solutions, which can result in engineering geological hazards, such as soil caves 
collapse, roadbeds subsidence, landslides instability, and soil erosion1–4. The view that the disintegration of 
red clay is an important factor causing soil collapse is increasingly recognized5–8. However, existing literature 
mainly focuses on the decomposition of residual soil, expansive soil, loess, etc., with fewer studies addressing 
the disintegration of red clay. The current research is still not thorough enough. Therefore, this study aims to 
investigate the disintegration mechanisms of unsaturated red clay in the karst area of Guilin, focusing on the 
effects of elevated Ca2+ concentrations. The findings of this study will contribute to enhancing the ability to 
mitigate soil caves collapse.

Many studies have been conducted on the disintegration of soil and rock masses, revealing that factors such as 
mineral composition9,10, physical state11–13 (e.g., initial moisture content, liquid limit, plastic limit, saturation), soil 
structure characteristics14–16 (e.g., porosity, void ratio, degree of compaction), environmental temperature12,17,18, 
and the composition and concentration of aqueous solutions19–21 significantly influence disintegration behavior. 
Tan22 and Wang et al.23 proposed that the chemical composition of water is a significant factor influencing the 
disintegration of red clay. Pang et al.24 discovered that buildings located near sites where strong acid and alkaline 
industrial wastewater was discharged experience uneven settlement in their foundations, resulting in damage 
to the structures. They concluded that chemical solutions play a significant role in the disintegration of the red 
clay, ultimately leading to building damaged. Gupta et al.25, Ghobadi et al.26, Li et al.27, respectively studied the 
effects of (NH4)2CO3 solution, acid-base solution on the disintegration characteristics of shale, saturated red 
clay, and sandstone. Thyagaraj et al.28, Mokni et al.29, Zhang et al.30, Wang et al.31, found that the pore pressure 
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and matrix suction in the soil are the main controlling factors for the disintegration of unsaturated soil. Fattah et 
al.32, conducted disintegration tests on three types of gypseous soils using the oedometer deviceand found that 
the disintegration ability decreased as the matrix suction increased.

Numerous theories on the mechanism of rock and soil mass were proposed after conducting a large number 
of experiments. Caron et al.33 considered that the main reason for the disintegration is the compression of 
enclosed gases in the soil by water molecules. Terzaghi34, Cepeta35 proposed the mechanism of ‘gas-induced 
disintegration’ is an important process in the disintegration of expansive rock. Tan et al.36 suggested that the 
disintegration of mudstone is a water–rock (soil)–chemical coupling process of mineral expansion and salt 
dissolution. Pan et al.37 used colloidal chemistry and fracture mechanics theory to establish a “water-rock” 
or “water-soil” interface model to describe the disintegration process from the perspective of hydration and 
diffusion of mineral particles.

Current research on the disintegration characteristics of red clay in karst region is still limited. The 
disintegration mechanism is primarily analyzed in terms of material composition and structural characteristics, 
while often neglecting the influence of the matrix suction of unsaturated red clay and the presence of Ca2+ 
in karst groundwater. This article aims to observe and record the disintegration processes of Guilin red clay 
with varying initial moisture content and void ratio in pure water and CaCl2 solutions with concentrations of 
0.05 mol/L, 0.1 mol/L, and 0.2 mol/L, using a self-made disintegration apparatus. The matrix suction of each soil 
sample was quickly determined using the filter paper method, and the disintegration mechanism of unsaturated 
red clay in pure water and Ca2+ solution are discussed comprehensively.

Analysis of red clay physical properties
The red clay used in the experiments was obtained from the foundation pit of the proposed teaching building 
at Guilin University of Technology (Yanshan Campus). The red clay was air-dried, purified, dried, and passed 
through a 0.5 mm standard sieve and tested for its liquid limit and plastic limit using a liquid plasticity limit 
combined apparatus, as shown in Table 1. The dried red clay was sieved through a 0.075 mm standard sieve and 
analyzed for its mineral composition using an X-ray diffractometer (XRD) instrument, as shown in Table 2; 
Fig. 1. The German Bruker D8 Advance X-ray powder diffraction instrument was used for XRD diffraction 
experiments. The testing conditions are as follows: Cu target [Ka radiation (0.15418 nm)], tube voltage of 40 kV, 
tube current of 25 mA, scanning speed of 10°/min, scanning angle from 5° to 90°.

Fig. 1.  XRD diffraction results. The mineral composition results of red clay tested by XRD.

 

Sample

Relative clay mineral content (%)

Quartz (SiO2) Kaolinite Illite Mensuration stone Iron oxide Potassium feldspar

The red 
clay 44.8 18.4 27.3 – 5.8 3.7

Table 2.  Main mineral composition of Guilin red clay.

 

Sample Specific gravity wL liquid limit (%) wp plastic limit (%) Ip plasticity index

The red clay 2.730 57 29 28

Table 1.  Physical properties of Guilin red clay.
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Figure  1 shows that quartz (SiO2) exhibited the highest peak intensity and highest content in the XRD 
spectrum of Guilin red clay, making up 44.8% of the total mass. Its crystal lattice is stable, with a relatively small 
specific surface area and stable chemical properties. The main clay mineral components were Illites (27.3%) and 
Kaolinites (18.4%), with no Montmorillonite presented.

Illites are formed from silica-oxygen tetrahedrons and aluminum-hydroxide octahedra in a 2:1 ratio. The 
outer surfaces of illites expose the oxygen ions of the silica-oxygen tetrahedrons. Kaolinites are formed from 
silica-oxygen tetrahedrons and aluminum hydroxide octahedra in a ratio of 1:1. The outer surfaces of kaolinites 
expose the oxygen ions of the silicon-oxygen tetrahedrons and the hydroxyl ions of the aluminum-hydroxide 
octahedra. Therefore, clay minerals exhibit relatively active physicochemical properties.

There is a natural seasonal spring on the southwest side of the red clay collection site. The groundwater was 
taken and analyzed using the Agilent 7800 Inductively Coupled Plasma Mass Spectrometer(ICP–MS) purchased 
by our unit. ICP-MS tuning solution: a tuning solution containing Ce, Co, Li, Mg, Ti, and Y elements, with a 
concentration of 1 µg/L. The main cation concentrations of the natural groundwater is shown in Table 3. The 
concentration of Ca2+ in groundwater is much higher than that of other major cations. To verify that the soluble 
minerals in red clay dissolve in water, causing changes in the ions concentrations in groundwater, this paper 
separately tests the major ions concentrations in pure water and the supernatant of red clay + pure water, using 
the same testing method as for spring water. The method for preparing the supernatant after soaking red clay 
in water is as follows: The dried red clay was sieved through a 0.075 mm standard sieve. The 5 g of red clay was 
weighed using an electronic balance with a precision of 0.1 g. Then, it was mixed with pure water at a soil-to-
water ratio of 1:5. After stirring with a glass rod for 5 min, it was allowed to stand for 30 min. The supernatant 
for testing was ready. The indoor temperature was kept constant at 20 °C with a humidity of 60% during the 
experiment. The test results are shown in Table 4. The results show that certain minerals in red clay dissolved in 
water, leading to an increase in the concentration of Ca2+ ions.

Unsaturated red clay disintegration test
Sample preparation and test equipment
Based on the geotechnical investigation reports, the natural moisture content of red clay in the Guilin area ranges 
from 24 to 31%, and the void ratio ranges from 0.98 to 1.15. Therefore, this paper selected two initial moisture 
contents of 24% and 28%, and three void ratios of 1.0, 1.1, and 1.15 to prepare six reshaping samples using an 
orthogonal design. The reshaped red clay sample is cylindrical, with a diameter of 60 mm, a height of 106 mm, 
and a volume of 300.0 cm3. The method for making samples is as follows: The dried red clay was sieved through 
a 2 mm standard sieve, and a suitable amount of pure water was added to it, ensuring that its moisture content 
reaches 24% and 28% respectively, and then sealed and allowed to stand for 24 h. The masses of red clay required 
to make samples with different initial moisture content and void ratios were calculated according to formula (1), 
and then the red clay was weighed and divided into 4 equal parts and added to the mold sequentially. To ensure 
samples integrity, the surface of each layer of compacted soil was scarified to improve the connection between 
each layer of samples. The reshaped samples with a mass error within 0.5% were deemed suitable for subsequent 
disintegration tests38,39. The self-made disintegration apparatus is shown in Fig. 2.

	
ms = Gs

V

1 + e
(1 + 0.01 ω )� (1)

ms represents the mass (g) of red clay required; Gs represents the specific gravity of red clay soil particles; V 
represents the volume (cm3) of the red clay soil sample; w represents the initial moisture content (%) of red clay; 
e represents the void ratio of the red clay sample.

Once the preparation work was ready, the temperature controller probe was inserted into the center of the 
water tank to test the temperature of the disintegration solution first. If the temperature of the disintegration 
solution was below 20  °C, the temperature compensation device would be automatically started. If the 
temperature of the disintegration solution was too high, the dissolution solution would be naturally cooled to 
the set value, and the temperature deviation controlled within ± 0.5 °C. The tensile tester was zeroed after being 
started, and the soil sample was placed on the sieve plate. The change in soil sample mass was recorded every 
second with an accuracy of 1 g, while the disintegration process was observed.

Sample Ca (ppb) Na (ppb) Mg (ppb) Al (ppb) K (ppb) Fe (ppb) Zn (ppb)

Pure water 62.33 18.22 6.3 7.83 0.75 1.62 Untested

The red clay + pure water 817.21 471.43 92.88 559.84 525.63 422.24 5.29

Table 4.  Main cation concentrations in the supernatant after soaking red clay in pure water.

 

Sample Ca (ppb) Na (ppb) Mg (ppb) Al (ppb) K (ppb) Fe (ppb) Zn (ppb)

Groundwater 17958.0 1880.10 1305.55 33.69 864.54 24.23 0.857

Table 3.  Main cation concentrations in Guilin groundwater.
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The disintegration rate and disintegration resistance index were calculated according to Formulae (2) and 
(3) respectively.

	
υ = Ai

t − Ai+1
t

ti+1 − ti

� (2)

	
SI = Amax

t

A0
× 100%� (3)

υ represents the disintegration rate (g/s) of the soil sample between ti and ti + 1; Ai t ,Ai + 1 t represent the mass 
(g) of the soil sample at time ti and ti + 1, respectively; ti, ti+1 represent the time (s) during the experiment; 
SI represents the disintegration resistance index (%); A0, Amax t represent the mass of the soil sample at the 
beginning and end of the disintegration process, respectively (g).

Experimental design
In order to study the disintegration characteristics of unsaturated red clay in pure water and Ca2+ solutions, each 
unsaturated red clay was placed in pure water and CaCl2 solutions with concentrations of 0.05 mol/L, 0.1 mol/L, 
and 0.2  mol/L respectively. The solute CaCl2 for the experiment was from China National Pharmaceutical 
Group Chemical Reagent Co., Ltd., with a purity of 99.5%. The solvent was pure water, the pure water used in 
the experiments was prepared by the YAZD-5 type electrothermal purified water sterilizer in the on-campus 
laboratory. The quality of pure water meets the third-level water standard specified by the People’s Republic of 
China. The conductivity of purified water is ≤ 0.50 mS/m, the content of oxidizable substances is ≤ 0.4 mg/L, and 
the residue after evaporation is ≤ 2.0 mg/L. The experimental plan is shown in Table 5.

Disintegration characteristics of unsaturated red clay
Disintegration characteristics of unsaturated red clay in pure water
The 24% of red clay samples disintegrate more violently in pure water. The 24% red clay with e = 1.0 disintegrate 
relatively quickly, and the soil particles rapidly disintegrate into scales and fragments. The mass of the soil 
remains basically unchange after 450 s. The disintegration rate is 0.739 g/s, and the disintegration resistance 
index is 38.42%. When e = 1.1 and 1.15, the soil sample undergo explosive and intense disintegration. The 
disintegration solution become turbid, and a large number of bubbles escape, causing the disintegration rate to 
increase sharply. The soil completely disintegrate, with disintegration rates of 1.769 g/s and 2.813 g/s respectively, 
which are 139.3% and 59.0% higher than the previous void ratio. The disintegration rate of red clay with a 
moisture content of 24% increase significantly with an increase in void ratio. Additionally, the resistance to 
disintegration index decrease dramatically, indicating a more intense disintegration phenomena.

The 28% of red clay samples disintegrate very slowly or do not disintegrate in pure water. When e = 1.0, there 
is still no debris falling after the soil sample is soaked for 2000 s, and the mass of the soil sample increase by 8 g, 
indicating that the soil’s moisture content increase due to matrix suction after encountering water. When e = 1.1 
and e = 1.15, the red clay disintegrate slowly, and the soil disintegrate into fragments. The pure water is relatively 

Disintegration solution Pure water

CaCl2 solution

0.05 mol/L 0.1 mol/L 0.2 mol/L

Experimental quantity 
(groups) 6 6 6 6

Table 5.  Statistical table of disintegration test.

 

Fig. 2.  Self-made disintegration apparatus. Installation diagram of self-made disintegration apparatus.
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clear, and no bubble overflow is observed. The disintegration rates are 0.029 g/s and 0.036 g/s respectively, with 
disintegration resistance indices of 98.1% and 85.8%. The disintegration rate of red clay with ω = 28% increase 
slightly with the increase of void ratio, and the disintegration resistance index decrease significantly. The 
disintegration phenomena are all very gentle.

When e = 1.0, the 28% of red clay do not undergo significant disintegration, and the disintegration rate is 
0.739 g/s lower than that of the red clay with w = 24%. When e = 1.1 and e = 1.15, the disintegration rates decrease 
by 1.74 g/s and 2.777 g/s respectively, with reduction rates of 98.3% and 98.7% respectively. The disintegration 
phenomenon also gradually become gentle. When the void ratio remains constant, the disintegration rate 
gradually decreases with increasing moisture content. Additionally, the disintegration resistance index 
significantly increases.

Disintegration characteristics of unsaturated red clay in Ca2+ solution
Figure 3; Table 6 show the disintegration rate of red clay with w = 24% and e = 1.0 in 0.05 mol/L CaCl2 solution is 
0.886 g/s. The soil particles rapidly disintegrate into fragments and mud, with a slight increase in disintegration 
rate of 0.147 g/s compared to pure water, representing a 19.9% increase. The disintegration resistance index drops 

Moisture content (%) Void ratio

The disintegration rate (g/s)

Pure water 0.05 mol/L CaCl2 0.1 mol/L CaCl2 0.2 mol/L CaCl2

24

1.0 0.739 0.886 0.915 0.961

1.1 1.769 1.23 1.442 2.1

1.15 2.813 2.727 2.507 3.052

28

1.0 0 0.057 0.148 0.2

1.1 0.029 0.088 0.212 0.232

1.15 0.036 1.361 3.016 3.063

Table 6.  The disintegration rate of unsaturated red clay.

 

Fig. 3.  Disintegration curves of red clay with w = 24% in pure water and CaCl2 solution. (a) Disintegration 
curves of red clay with w = 24%, e = 1.0 in each solution; (b) Disintegration curves of red clay with w = 24%, 
e = 1.1 in each solution; (c) Disintegration curves of red clay with w = 24% and e = 1.15 in each solution.
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from 38.42% to 0. When the solution concentration is 0.1 mol/L, the soil sample completely disintegrates, the 
disintegration phenomenon is more intense, the complete disintegration time is shorter, and the disintegration 
rate is 0.915  g/s, an increase of 3.2%. When the solution concentration is 0.2  mol/L, the soil completely 
disintegrates within 240  s and the phenomenon is the most intense, with a maximum disintegration rate of 
0.961 g/s, an increase of 5.0%.

It can be seen that the disintegration rate of red clay with w = 24% and e = 1.0 in CaCl2 solutions at various 
concentrations is higher than that in pure water, and it increases with the concentration of Ca2+. The disintegration 
rates of red clay with moisture content of 24%, e = 1.1 and e = 1.15 in various concentrations of CaCl2 solution 
fluctuate slightly with the increase of Ca2+ concentration, and the disintegration phenomenon is very intense. 
This may be because the red clay with low moisture content has a large matrix suction, and Ca2+ enters the pores 
before fully participating in the physical and chemical reactions of the soil sample, leading to disintegration. 
Therefore, the influence of Ca2+ on the disintegration characteristics of red clay with low moisture content and 
high void ratio is not significant, and the disintegration mechanism cannot be revealed using the double layer 
theory. When the Ca2+ concentration is constant, the disintegration rate of red clay with w = 24% increases as 
the void ratio increases.

According to Fig. 4; Table 6, the red clay with w = 28% and e = 1.0 slowly disintegrates in a 0.05 mol/L CaCl2 
solution, with a disintegration rate of 0.057 g/s and a disintegration resistance index of 66.7%, the degree of 
disintegration is significantly increased compared to that in pure water. When the Ca2+ concentration is 
0.1 mol/L, the disintegration rate reaches 0.148 g/s, with an increase of 159.6% and a disintegration resistance 
index of 64.8%. When the Ca2+ concentration is 0.2 mol/L, the disintegration rate is 0.2 g/s, with an increase 
of 35.1%. The soil has completely disintegrated. The red clay with w = 28% and e = 1.1 disintegrates rapidly in a 
0.05 mol/L CaCl2 solution. The disintegration rate is 0.088 g/s and the disintegration resistance index is 76.5%, 
indicating a significant increase in disintegration degree. When the Ca2+ concentration is increased to 0.1 mol/L, 
the disintegration rate reaches 0.212 g/s, which is a 140.9% increase, and the soil completely disintegrates. When 
the Ca2+ concentration is 0.2 mol/L, the disintegration rate is 0.232 g/s, with an increase of 9.4%, and the soil 
completely disintegrates. The red clay with w = 28% and e = 1.15 disintegrates very quickly in a 0.05  mol/L 
CaCl2 solution, with a disintegration rate of 1.325 g/s higher than that in pure water, reaching 1.361 g/s, and 
the soil completely disintegrates. The 28% red clay samples with e = 1.15 disintegrate completely in 0.1 mol/L 
and 0.2 mol/L CaCl2 solutions, with disintegration rates of 3.016 g/s and 3.063 g/s, respectively, representing an 
increase of 121.6% and 1.5%.

Fig. 4.  Disintegration curves of red clay with w = 28% in pure water and Ca2+ solution. (a) Disintegration 
curves of red clay with w = 28%, e = 1.0 in each solution; (b) disintegration curves of red clay with w = 28%, 
e = 1.1 in each solutions; (c) disintegration curves of red clay with w = 28%, e = 1.15 in each solution.
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It is evident that the disintegration rate of red clays with w = 28% is higher in CaCl2 solutions of different 
concentrations than in pure water, and the disintegration resistance index gradually decreases. Ca2+ has 
a significant promoting effect on the disintegration of red clay. When the void ratio remains constant, the 
disintegration rate of the 28% red clay increases with the increase of Ca2+ concentration. However, the 
disintegration rate increase gradually decreases and the disintegration resistance index also gradually decreases. 
When the Ca2+ concentration is constant, the disintegration rate of the 28% red clay increases with the increase 
of void ratio, and the disintegration resistance index gradually decreases.

Relationship between the disintegration rate and the matrix suction
The filter paper method was employed to measure the matric suction of different unsaturated red clays, with 
the aim of investigating the relationship between the disintegration rate and the matric suction. The filter paper 
method, which measures matric suction (or total suction), is advantageous due to its simple principle, low cost, 
high accuracy, and wide measuring range.

This article used the filter paper method (ASTM D5298-10) recommended by the American Society of 
Testing Materials to test the matrix suction. The experimental method is briefly described as follows: Three 
filter papers were overlaid and placed flat between two circular soil samples with the same void ratio and initial 
moisture content. The diameter of the soil sample was 61.8 mm and the height was 20 mm. Subsequently, the two 
soil samples were fixed together with insulating tape to ensure tight contact between the soil sample and the filter 
paper. The samples were then placed in a sealed container and kept in a constant temperature environment at 
20 °C. The three layers of filter paper were taken out 15 days later, and the uncontaminated middle layer of filter 
paper was placed on an electronic balance with an accuracy of 0.1 mg for rapid measurement of the paper’s mass 
and calculation of the paper’s moisture content. Finally, the matric suction of the soil sample was determined 
based on the calibration equation of the filter paper.

The calibration equation of Whatman No. 42 filter paper uses the bilinear calibration curve equation given by 
Leong et al.40 to calculate the matric suction of each samples. The results are shown in the Formulae (4):

	

{
lgs = 2.909 − 0.0229ω f ; ω f ≥ 47

lgs = 4.945 − 0.0673ω f ; 26 ≤ ω f < 47
lgs = 5.310 − 0.0879ω f ; ω f < 26

� (4)

s represents matric suction (kPa); wf represents the moisture content of the filter paper (%).
To explore the relationship between matric suction and the disintegration rate, while excluding the influence 

of Ca2+ on the disintegration rate of red clay, only the disintegration rate of each group of red clay in pure water 
was selected. The matric suction and disintegration rate for each unsaturated red clay are shown in Table 7.

Table 7 shows that the matric suction of red clay with the same moisture content increases as the void ratio 
increases, while the matric suction of red clay with the same void ratio decreases as the moisture content increases. 
The disintegration rate of each group of red clay increases with the matric suction. When the matric suction 
exceeds 965 kPa, the disintegration rate of red clay ranges from 1.769 to 2.813 g/s, the disintegration phenomena 
are also very intense. The disintegration rate shows no significant change with increasing Ca2+ concentration. 
When the matric suction is less than 965 kPa, the disintegration phenomena of red clay are relatively gentle, 
and the disintegration rate ranges from 0 to 0.739  g/s. The disintegration rate of each soil sample increases 
with the Ca2+ concentration. Therefore, based on the matric suction, unsaturated red clay can be divided into 
two categories to discuss the relationship between disintegration rate and matric suction. The fitting equation 
between the disintegration rate and matrix suction as shown in Table 8.

Red clay categories Fitting equations Adjusted R2 Fitting effect

High matrix suction υ = 0.0023 × s + 1.547 0.86 good

Low matrix suction υ = 0.0011 × s − 0.0237 0.746 general

Table 8.  Fitting equations between disintegration rate and matrix suction.

 

Moisture content (%) Void ratio Disintegration rate in pure water (g/s) Moisture content of intermediate layer filter paper (%) Matrix suction (kPa)

24

1.0 0.739 29.13 965

1.1 1.769 24.00 1585

1.15 2.813 23.35 1810

28

1.0 0 37.67 256

1.1 0.029 34.60 413

1.15 0.036 32.37 584

Table 7.  Matric suction of red clay at 20℃ (according to filter paper method).
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Disintegration mechanism of unsaturated red clay in Ca2+ solution
The Guilin red clay contains small clay mineral particles with a large specific surface area. The clay minerals 
have multiple static electric fields due to isomorphous substitution and exposed siloxane and alumina chemical 
groups on the surface. Moreover, the underground water in karst areas contains Ca2+, which results in a double 
electric layer structure on the surface of clay minerals. When the composition of pore solution changes, it affects 
the thickness of the double layer, which in turn alters the interparticle interaction forces. This can cause the red 
clay to exhibit varying engineering characteristics41. Based on the disintegration tests of various red clays, It was 
found that the disintegration mechanisms of red clays with different matric suction were not consistent in pure 
water and Ca2+ solution environments, which can be summarized as follows:

The unsaturated red clay with high matrix suction encounters water, causing water molecules or chemical 
solutions to rapidly enter the soil under the strong matrix suction, compressing the enclosed gas sharply, and 
the additional tensile stress in the pores increases instantaneously. Ca2+ does not fully participate in physical 
and chemical changes, causing the red clay to disintegrate and a large amount of gas to escape. Therefore, matric 
suction is the main driving force for the disintegration of unsaturated red clay with high matrix suction, Ca2+ 
does not have a significant promoting effect on the disintegration of red clay.

The unsaturated red clay with low matrix suction encounters water, causing water molecules firstly enter 
the diffusion layer under the action of matrix suction and osmotic pressure, the thickness of the diffusion layer 
increases, the distance between two clay particles increases, and the short-range attraction decreases significantly. 
Once the short-range attraction cannot resist the thermal kinetic energy of the particles, the soil will irreversibly 
disintegrate. In addition, there is a “wedge cracking” tension between adjacent clay particles, which is also an 
important factor leading to disintegration, as shown in Fig. 5.

The unsaturated red clay with low matrix suction encounters Ca2+ solution, Ca2+ gradually enters the soil 
under the action of osmotic pressure and matrix suction. Ca2+ enter the diffusion layer firstly, increasing the 
concentration of Ca2+, and the diffusion layer becomes thinner, the interparticle short-range attraction gradually 
decreases, leading to the disintegration of the red clay, as shown in Fig. 6. The higher the concentration of Ca2+, 
the greater the osmotic pressure, the faster the Ca2+ enters the soil, the more severe the shrinkage of the diffusion 
layer, the more the interparticle attractive force between clay particles decays, and the rate of disintegration also 
increases with the increase of Ca2+ concentration. Therefore, Ca2+ plays a crucial role affecting the thickness of 
the clay double layers and the disintegration phenomena of red clay with low matrix suction.

Fig. 5.  The clay particle diffusion layers change during the disintegration in pure water. Schematic diagram of 
the changes in the clay particle diffusion layers during the disintegration of low matrix suction red clay in pure 
water. (a) Initial balance state. (b) Diffusion layers expand. (c) Diffusion layers continue expand.
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Conclusions
In this study, the mineral composition of Guilin red clay and the concentration of major cations in groundwater 
in karst areas were analyzed using X-ray diffractometer (XRD) instrument and Inductively Coupled Plasma 
Mass Spectrometer(ICP–MS) respectively. The matrix suction of each red clay sample was determined using 
the filter paper method. Subsequently, disintegration experiments of red clay with different matrix suction were 
conducted in pure water and three concentrations of CaCl2 solution. The disintegration characteristics of red 
clay were found to be related to its matrix suction and there exists a threshold. The red clay was divided into 
two categories based on matrix suction threshold: high matrix suction red clay and low matrix suction red clay. 
The disintegration mechanisms of each category was discussed separately. The main conclusions are as follows:

	1.	� The Guilin red clay contains abundant clay minerals such as kaolinite and illite, as well as free oxides. The 
groundwater in Guilin City contains a large amount of Ca2+ ions, and its concentration far exceeds that of 
other cations.

	2.	� For unsaturated red clay, the moisture content remains constant, and the matrix suction increases with the 
increase of void ratio. the void ratio is constant, the matrix suction decreases with the increase of moisture 
content.

	3.	� The disintegration rate of unsaturated red clay increases with an increasing void ratio at a constant moisture 
content. Conversely, when the void ratio remains constant, the disintegration rate decreases as moisture 
content increases. The disintegration rates of all red clays increase with an increasing matrix suction. When 
the matric suction exceeds 965 kPa, the red clay experiences rapid disintegration, with the disintegration rate 
ranging from 1.769 to 2.813 g/s. Conversely, when the matric suction is below 965 kPa, the disintegration rate 
is slower, ranging from 0 to 0.739 g/s. Therefore, the red clay is divided into two groups: high matrix suction 
red clay and low matrix suction red clay, with 965 kPa as the matrix suction threshold.

	4.	� The unsaturated red clay with high matrix suction disintegrates more severely in pure water, and the disinte-
gration rate is related to the matrix suction with a relationship υ = 0.0023 × s − 1.547, and the adjusted 
R2 is 0.860. The greater the matrix suction, the greater the disintegration rate. The main disintegration mech-
anism is that the matric suction allows pure water to rapidly enter the soil, compressing and sealing the air, 
and the additional tensile stress generated leads to disintegrate. The effect of Ca²⁺ on the disintegration rate 
is not significant.

Fig. 6.  The clay particle diffusion layers change during the disintegration in Ca2+ solution. Schematic diagram 
of the changes in the clay particle diffusion layers during the disintegration of low matrix suction red clay in 
CaCl2 solution.
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	5.	� The unsaturated red clay with low matrix suction disintegrates more slowly in pure water, and the disinte-
gration rate is related to the matrix suction with a relationship υ = 0.0011 × s − 0.0237,and the adjusted 
R2 is 0.746. The main disintegration mechanism is that water molecules enter the soil under the action of os-
motic pressure and matrix suction. The ion concentration in the diffusion layer is diluted, the diffusion layer 
slowly thickens, and the attraction between adjacent clay particles weakens, resulting in soil disintegration.

	6.	� Ca2+ significantly promotes the disintegration of unsaturated red clay with low matrix suction. The disinte-
gration rate of w = 28%, e = 1.0, 1.1, and 1.15 in 0.05 mol/L CaCl2 solution increased by 0.057 g/s, 0.059 g/s, 
and 1.325  g/s respectively compared to pure water. When CaCl2 is 0.1  mol/L, the disintegration rate of 
ω = 28%, e = 1.0, 1.1, and 1.15 increased by 0.091 g/s, 0.124 g/s, and 1.655 g/s respectively. When CaCl2 is 
0.2 mol/L, the disintegration rate increased by 0.052 g/s, 0.02 g/s, and 0.047 g/s respectively. In other words, 
the disintegration rate of low matrix suction red clay increases as the Ca2+ concentration increases, but the 
rate of increase decreases. The primary disintegration mechanism is that Ca²⁺ reduces the thickness of the 
clay particle diffusion layer. The resulting increase in particle spacing and decrease in particle attraction are 
the fundamental causes of disintegration.

Data availability
All data generated or analysed during this study are included in this published article.
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