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To study the mechanical properties of granite residual soil under acid leaching conditions, triaxial consolidated undrained shear tests were conducted on granite residual soil collected from Chenggu County, Hanzhong City. In the experiments, environments with different acidities were simulated, and the shear stress–strain relationship of the soil under different acidities was determined by adjusting the molar concentration of the acid solution. The results indicated that as the molar concentration of acid increased, the shear stress of granite residual soil decreased significantly, especially under high confining pressure conditions, where the attenuation effect of acid on shear stress is more significant. These findings indicated that the acid sensitivity of the soil increased in acidic environments, and the degree of consolidation significantly affected acid sensitivity. Based on experimental data, a Duncan–Chang constitutive model considering acid-induced damage was established, and the applicability of the model was confirmed through parameter analysis. The adjustment of model parameters can reflect the effect of acid damage on the internal friction angle and cohesion of soil. Additionally, this study revealed a quantitative relationship between acid damage and the molar concentration of H+. The acid damage coefficient can be determined by fitting the curve, providing a basis for predicting the mechanical behavior of soil under different acidic conditions. This study provided a new perspective for understanding the mechanism of damage to granite residual soil during acidification.
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1 INTRODUCTION
Granite residual soil is a product of completely weathered igneous rocks formed in the Triassic period. It is characterized by high porosity, low strength, easy water absorption, disintegration, fragmentation, and difficulty in compaction (Zhou et al., 2023; Feng et al., 2024; Yuan et al., 2024). For example, in the Hanzhong region in southern Shaanxi, granite is widely distributed in the central part of Nanzheng District, the southern part of Chenggu County, the southern part of Yang County, and the northwestern part of Xixiang County. These granites formed during the Triassic period, and after more than 200 million years of long-term action (climate change-induced thermal expansion, contraction, hydrolysis, carbonation, etc.), the shallow 10–30 m of the surface was mostly in a fully weathered (grade V) state. The residual soil (grade VI) formed can reach a thickness of more than 20 m. Due to the influence of greenhouse gases (such as CO2), pyrite, acid rain (Xiao et al., 2025), industrial dust deposition (Petersen, 1986), the return of farmland to forests, the use of nitrate fertilizers (Amiotti et al., 2007; Zhao et al., 2007; Krusche et al., 2003; Matson et al., 1999), leachate from landfills (Xiong and Zheng, 2015), etc., soil acidification in fully weathered granite areas has become quite prominent.
In relatively weakly acidic environments, the basic ions Ca2+, Mg2+, K+, Na+, etc., adsorbed on the surface of fully weathered granite particles are exchanged by H+, while the leaked water leaches out with basic ions (Xin et al., 2016). If acidity further increases with pollution, it can directly lead to the dissolution of feldspar and calcite inside the particles within a short period, which can further weaken the bonding force between soil particles, causing rearrangement of the particles and significant changes in the microstructure. In acidic environments, residual granite soil undergoes dissolution, leading to a further increase in porosity and the compression coefficient. Previous studies have shown that the shear strength of residual granite soil (Sun et al., 2024) and sandstone (Duan et al., 2025) significantly decreases with an increase in solution acidity and prolonged erosion time, especially with a greater decrease in cohesion. Additionally, the acidic wet–dry cycle greatly affects the deterioration of the cohesion of sandstone (Liu et al., 2016). The same applies to other soil types. Bakhshipour et al. (2016a) and Bakhshipour et al. (2016b) reported that under simulated acid rain, the strength and maximum dry density of kaolin decreased, whereas its compressibility, permeability, and optimal moisture content increased. Gratchev and Towhata (2011) studied the effects of acid pollutants on the compression properties of natural clay and reported that the compression index increased with an increase in acidity. Xu et al. (2018) also found through indoor unconfined compression tests that the unconfined compressive strength gradually decreases with an increase in acid rain concentration, and the pore space expands from small pores to large pores. Xiao et al. (2025) studied the effect of acid rain on the mechanical properties of red clay and found that the dissolution rate of minerals such as Si, Al, Fe, and cement in red clay was high, which destroyed the original structure of the soil and produced a large number of pores. As the pH value of acid rain decreased, the structural gaps of the soil increased, particle aggregation decreased, and the cohesion and internal friction angle of the soil decreased. Fu et al. (2018) obtained Mohr–Coulomb strength criterion parameters and Hoek–Brown strength criterion parameters based on the degradation law of strength under acidic dry‒wet cycles of sandstone. Liang et al. (2023) established a mechanical damage model of sandstone subjected to pH = 1 and 3 HCl solutions by continuous damage mechanics theory. Wang et al. (2016) obtained the strength index under acidic wet‒dry cycling conditions by combining it with the generalized Hoek‒Brown criterion. Based on continuum damage mechanics and elastic–plastic theory, Zhong et al. (2013) assumed that plastic deformation and irreversible damage deformation followed Hyushin’s hypothesis and derived the damage function and loading function, establishing an elastic–plastic damage constitutive model for unsaturated loess. However, according to the research on remolded granite residual soil in the Hanzhong area, even if the strain of the soil is greater than 15%, it is still in the elastic deformation stage, and the strain of plastic yielding is relatively high. Therefore, modeling the residual granite soil in the region based on elastic–plastic theory is not practical.
Therefore, the acid addition condition was considered based on the H+ molar concentration of the acid solution, and granite-remolded soil samples were prepared with the optimal moisture content and a compaction degree of 90%. Indoor triaxial consolidation undrained shear tests were conducted to establish a Duncan–Chang constitutive model that can consider acid addition damage and also provide a corresponding theoretical reference for slope and foundation engineering in the residual soil area of Hanzhong granite under acidic conditions.
2 EXPERIMENTAL MATERIALS AND METHODS
The residual granite soil investigated was collected from a road slope in Tianming Town, Chenggu County, Hanzhong City. The retrieved granite residual soil was air-dried under ambient conditions, crushed, and sieved through a 2 mm sieve, and its physical property indicators were measured (Table 1). The particle size distribution is shown in Figure 1.
TABLE 1 | Basic physical indices of granite residual soil and clay.	Index	Plastic limit/%	Liquid limit/%	Maximum dry density g/cm3	Optimal moisture content/%
	Numerical value	20.5	27.1	1.83	6.51


[image: Logarithmic scale graph showing the percentage passing versus grain size in millimeters. The curve decreases from 100% to near 0% as grain size ranges from 10 to 0.01 millimeters. Data points are plotted along the curve.]FIGURE 1 | Particle size distribution diagram of residual granite soil.To simulate an acidic environment, based on existing methods, a solution simulating an acidic environment was prepared with deionized water. Acidic (sulfuric acid) solutions with acidity levels of 0 mol/L (deionized water), 0.1 mol/L, 0.2 mol/L, and 0.5 mol/L were prepared to simulate an acidic environment. It should be noted that this experiment uses concentrated sulfuric acid with a mass fraction of 98% to prepare the acid solution. The volumes of concentrated sulfuric acid required to prepare the 3 M concentrations of acid solution are 2.7 mL, 5.4 mL, and 6.8 mL, respectively (taking the preparation of 500 mL of acid solution as an example). Cylindrical samples with a dry density of 1.65 g/cm3 (90% compaction degree) (diameter: 39.1 mm, height: 80 mm; five sets of parallel samples) were prepared and loaded with the optimal moisture content (6.5%). The water film transfer method was used to add different concentrations of acidic solution and deionized water so that each set of samples reached the predetermined moisture content (increase in acidity). The experimental method used in this study was the triaxial shear consolidation undrained test, with confining pressures of 100 kPa, 200 kPa, 300 kPa, and 400 kPa and a loading rate of 5 mm/min. The entire experimental process is shown in Figure 2.
[image: Flowchart illustrating soil sample processing and testing. Steps include soil sample collection, drying, crushing, and particle screening. Basic property testing involves liquid plastic limit and compaction experiments, measuring liquid limit, plastic limit, maximum dry density, and optimum moisture content. Sample preparation uses an acidic solution with different concentrations, creating triaxial specimens. Tests include undrained triaxial shear consolidation. Sample parameters: dry density of 1.65 grams per cubic centimeter, compactness of ninety percent, optimal moisture content of six point five percent, with a sample size diameter of thirty-nine point one millimeters and height of eighty millimeters.]FIGURE 2 | Experimental process diagram.3 RESULTS
3.1 Shear stress–strain
The state of the sample before and after damage is shown in Figure 3. The morphology of the damage diagram shows that the overall failure is bulging, and although the shear band is not very obvious, it can still be observed. In addition, due to the action of the acid solution, some erosion cracks appeared in both the upper and lower parts (above and below the shear band) of the sample during the failure process. It is the presence of these microcracks that caused damage to the entire specimen. The shear stress–strain relationship curves under different acid addition amplitudes and confining pressures are shown in Figure 4, where the number after H in the legend represents the acid concentration in mol/L, and the number after C represents the confining pressure (in kPa).
[image: Two images of cylindrical soil samples. Image (a) shows an intact cylinder. Image (b) highlights failure features: red dashed ovals indicate bulging failure, yellow and green lines show shear bands and acid erosion patterns respectively.]FIGURE 3 | The state of the sample before and after damage. (a) Initial state and (b) after damage.[image: Graph depicting shear stress in kilopascals (kPa) versus shear strain percentage. Multiple curved lines represent different models, with stress levels ranging from 0 to 600 kPa and strain from 0 to 15 percent. Each line type and color corresponds to a specific combination of conditions listed in the legend.]FIGURE 4 | Shear stress–strain curves for different acid addition amounts and confining pressures.The overall curves exhibited shear hardening. Under the same confining pressure conditions, the overall shear stress significantly decreased with an increase in the molar concentration of the acid solution. Particularly, under high confining pressure conditions, the molar concentration of the acid solution had a greater effect on the attenuation of shear stress, whereas under low confining pressure conditions, it had the smallest effect. This occurred because under high confining pressure, the degree of consolidation was sufficient, and the acid solution and granite residual soil particles were in more complete contact, exhibiting stronger acid sensitivity. Overall, under acidic conditions, soluble salts in residual granite soil decompose easily, leading to larger pores (Bai et al., 2024). In addition, particles may break during this process, resulting in a weakened structure (Bai et al., 2025). Both of the above factors can degrade soil strength.
3.2 Duncan–Chang damage model considering the addition of acid
The damage caused by acid addition is denoted as D, which is numerically equal to 1 minus the ratio of the magnitude of the failure shear stress after acid addition to the magnitude of the failure shear stress without acid addition, as expressed by Equation 1:
D=1−τimaxτ0max=1−σ1−σ3imaxσ1−σ30max.(1)
In the equation, σ1,σ3 are the maximum principal stress and minimum principal stress, respectively.
According to the expression of the Duncan–Chang model and considering the situation of greater acid damage, the Duncan–Chang constitutive model under the influence of an acidic environment is expressed by Equation 2:
τ=σ1−σ32=εa+bε.(2)
Here, ε represents the strain, and a and b represent the coefficients related to the initial deformation modulus and ultimate deviation stress, respectively.
According to the Duncan–Chang model, the coefficient a is the reciprocal of the initial tangent modulus E0 and can be expressed by Equation 3:
a=1E0.(3)
Additionally, based on the relationship between the initial tangent modulus and the confining pressure, the initial tangent modulus of residual granite soil can be expressed by Equation 4:
E0=Kσnn.(4)
Based on the findings of An et al. (2020), the tangent modulus of residual granite soil during shear can also be expressed by Equation 5:
Et=Kσnn1−τ−Rfτf2.(5)
In the equation, Et represents the tangent modulus, and Rf represents the failure ratio, which can be expressed by Equation 6:
Rf=τfτult.(6)
In the Equation 6, τf represents the failure strength of residual granite soil, and τult represents the ultimate shear strength of residual granite soil. b in Equation 2 is expressed as Equation 7.
b=1τult=2σ1−σ3ult.(7)
Further verification is needed to determine whether the Duncan–Chang model can be applied to the shear deformation of residual granite soil. Therefore, Equation 2 can be expressed as Equation 8:
ετ=1E0+ετult.(8)
Similarly, Equation 4 can be expressed by Equation 9:
lgEi=lgK+nlgσn.(9)
Based on the above analysis, the Duncan–Chang model applicable to residual granite soil was transformed to verify the linear relationship between ετ∼ε and lgEt∼⁡lgσn (An et al., 2020; Wang et al., 2004).
3.3 Applicability condition verification
The relationship curve of ετ∼ε is as shown in Figure 5. Additionally, lgEt∼⁡lgσn was plotted, as shown in Figure 6. A strong linear relationship was observed between ετ∼ε and lgEt∼⁡lgσn, indicating that the shear stress and strain of residual granite soil followed a hyperbolic relationship. Additionally, determined by the shear test, Ei was found to meet the applicability conditions of the Duncan–Chang model. Ei determined by the shear test also met the applicability conditions of the Duncan–Chang model.
[image: Four graphs labeled (a) to (d) show different curves representing ε/[t(KPa)^{-1}] vs. ε[%]. Each graph includes four colored lines: light blue, green, purple, and orange. Graph (a) is labeled H0C100, H0C200, H0C300, H0C400; (b) H0.1C100, H0.1C200, H0.1C300, H0.1C400; (c) H0.2C100, H0.2C200, H0.2C300, H0.2C400; (d) H0.5C100, H0.5C200, H0.5C300, H0.5C400. Each graph's background has a gradient from blue to pink.]FIGURE 5 | ε1σ1−σ3∼ε1 relationship curve of residual. (a) [H+] = 0 mol/L, (b) [H+] = 0.1 mol/L, (c) [H+] = 0.2 mol/L, and (d) [H+] = 0.5 mol/L.[image: A line graph with log scale axes shows data series labeled H0, H01, H02, and H05, represented by red circles, green squares, pink triangles, and blue diamonds. The x-axis is labeled "lg(σₙ)" and the y-axis "lg(Eᵢ)." Four points per series, with data increasing diagonally across the graph. The background transitions from light blue to pink.]FIGURE 6 | Curve of lgEi∼⁡lgσn is shown.3.4 Model parameter analysis
The Duncan–Chang model has five parameters (c,φ,K,n,Rf), among which c,φ can be determined from the shear stress–strain data of four confining pressures (100 kPa, 200 kPa, 300 kPa, and 400 kPa); K,n can be determined by fitting the C data. The five parameters of the Duncan–Chang model for residual granite soil are shown in Table 2, where the first column represents the sample number, and the naming convention is the same as in Figure 4.
TABLE 2 | Duncan–Chang model parameters.	Sample no.	Model parameters
	C	φ	K	n	Rf
	H0C110	19.313	32.431	1.429	0.706	0.730
	H0C200	19.313	32.431	1.429	0.706	0.439
	H0C300	19.313	32.431	1.429	0.706	0.389
	H0C400	19.313	32.431	1.429	0.706	0.494
	H0.1C100	21.099	30.541	1.537	0.676	0.730
	H0.1C200	21.099	30.541	1.537	0.676	0.635
	H0.1C300	21.099	30.541	1.537	0.676	0.390
	H0.1C400	21.099	30.541	1.537	0.676	0.496
	H0.2C100	22.775	28.877	1.556	0.659	0.732
	H0.2C200	22.775	28.877	1.556	0.659	0.438
	H0.2C300	22.775	28.877	1.556	0.659	0.390
	H0.2C400	22.775	28.877	1.556	0.659	0.495
	H0.5C100	21.347	27.595	1.345	0.671	0.732
	H0.5C200	21.347	27.595	1.345	0.671	0.437
	H0.5C300	21.347	27.595	1.345	0.671	0.390
	H0.5C400	21.347	27.595	1.345	0.671	0.495


To assess the effect of different H+ values on the main parameters of the Duncan–Chang model for granite residual soil, H+ was used as the independent variable, and c,φ,K,and n were used as the dependent variables (Figure 7). The effect of H+ on various dependent variables had a certain regularity, which can reflect and predict the strain law of granite residual soil under different acid damage conditions. However, because only four different acidification scenarios were studied and a single acidic solution was used, neglecting the effect of anions, this issue will be investigated in another study.
[image: Four line graphs display the effect of H⁺ molar concentration on different variables. (a) shows the change in c [kPa] with an increasing trend, peaking around 0.2 mol/L. (b) illustrates a decreasing trend in φ [°] from 0 to 0.5 mol/L. (c) depicts K [kPa], which rises then falls, peaking at around 0.1 mol/L. (d) shows n, starting high, dropping steeply, and leveling off between 0.3 and 0.5 mol/L. Each graph uses a background gradient from blue to red.]FIGURE 7 | Influence of H+ molar concentration on the main parameters of the Duncan–Chang model. (a) Relationship of c and [H+], (b) relationship of φ and [H+], (c) relationship of K and [H+], and (d) relationship of n and [H+].It can be observed that the H+ molar concentration has a significant effect on the internal friction angle and n value because under the action of an acid solution, some rough large particles are broken into smooth small particles. The effect of H+ molar concentration on cohesion and K value shows different trends: cohesion and K value first increase and then decrease, reaching their peak at a concentration of 0.2 mol/L. This may be due to acidification causing changes in the distribution of pores and particle size distribution, with the strongest bonding force between soil particles at this molar concentration.
The damage under different confining pressures was normalized, and the relationship curve between D and H+ under different confining pressures is shown in Figure 8a. The damage D increased with an increase in H+ molar concentration, with the maximum damage amplitude at a confining pressure of 400 kPa and the minimum damage amplitude at a confining pressure of 100 kPa. The relationship between the molar concentrations of H+ and D is expressed in Equation 10, and the relationship between H+1+D and H+ is represented in Figure 8b.
1+D=H+m+nH+.(10)
[image: (a) Line graph showing the relationship between hydrogen ion molar concentration and variable D for different conditions (C100, C200, C300, C400). All lines increase with concentration.(b) Line graph depicting the correlation between hydrogen ion molar concentration and the expression H⁺/(1+D). Points for conditions C100, C200, C300, and C400 align along the trend line, indicating a proportional increase.]FIGURE 8 | Relationship curve between H+ molar concentration and acid damage. (a) Relationship of D and [H+] and (b) relationship of [H+]/(1 + D) and [H+].The parameters m and n represent the coefficients related to acid damage, independent of the confining pressure, and can be obtained by fitting the intercept and slope of the H+1+D∼H+ curve. In this example, from Figure 8B, where m and n are the intercepts and slopes of line C, it was observed that m=0.006525, and n=0.811125. This indicated a quantitative relationship between the H+ molar concentration and acid damage D for the same acid solution.
It should be noted that this article confirms that the Duncan–Chang model is applicable not only to the mechanical properties of granite residual soil but also to granite residual soil after acid erosion. The reason for linking the H+ molar concentration with damage D is to explore the damage patterns of granite residual soil under different acid concentrations. In the next stage of research, the author will continue to improve the Duncan–Chang constitutive model by incorporating acid concentration as a variable into the model.
4 CONCLUSION AND DISCUSSION
This study investigated the mechanical behavior of residual granite soil under acidic conditions through a series of indoor triaxial consolidation undrained shear tests. A modified Duncan–Chang constitutive model that incorporates acid damage effects was subsequently established. The principal findings are summarized as follows:
	The mechanical properties of residual granite soil are significantly degraded in acidic environments. An increase in the molar concentration of the acid solution leads to a marked reduction in soil shear stress. This attenuation effect is more pronounced under high confining pressures, indicating that the soil’s acid sensitivity is enhanced, particularly under well-consolidated conditions.
	The Duncan–Chang model effectively describes the shear deformation behavior of the soil under acidic conditions. The applicability was confirmed as the shear stress–strain relationship maintained a hyperbolic form, and the failure ratio was successfully determined from the test data.
	Parameter analysis of the Duncan–Chang model revealed that acid damage profoundly influences a soil’s key parameters, such as the internal friction angle and cohesion. The degradation of soil strength with increasing acid concentration can be accurately represented by corresponding adjustments to these model parameters.
	A quantitative relationship between acid damage and H+ concentration was established. Through curve fitting, the acid damage coefficients m and n were obtained, enabling the prediction of soil mechanical behavior under varying levels of acidity.

In summary, this research provides a theoretical foundation for the design of slopes and foundations in granite residual soil areas exposed to acidic conditions. By accounting for increased acid damage, the stability and bearing capacity of soils in such environments can be evaluated more accurately. A primary limitation of this study is the use of a single acid type, which did not account for the potential effects of different anions on the soil’s acidification process and mechanical response. Future work should investigate the influence of various acid solutions and explore the practical application of these findings in engineering design.
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