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Abstract: A series of large-scale triaxial tests employing the 'dual-line' methodology were 

performed to examine the slaking mechanical behavior of soil-rock mixture materials 

characterized by both dense and loose compactness. The study analyzed the impact of slaking 

on several parameters, including the secant modulus (E50), the critical state friction angle, the 

peak state friction angle, and the positioning of the critical state line. The findings reveal that the 

slaking process leads to a reduction in the secant modulus E50, as well as in both the critical state 

and peak state friction angles. Notable alterations in the isotropic compression line and the 

critical state line were observed in the soil prior to and following wetting. Subsequently, utilizing 

a state-dependent constitutive model for cohesionless soils, the stress-strain relationship of the 

deposit was simulated both before and after wetting. The results of the model simulation were 

found to effectively capture the changes in shear dilatancy characteristics of the deposit in 

relation to the wetting process, in comparison to the experimental data. 

Keywords: Large-Scale Triaxial Test; Soil-Rock Mixture; Critical State; Shear Dilatancy; 

Constitutive Equation 

1.  Introduction 

Soil-rock mixture slopes, prevalent in southwestern China, are primarily composed of Quaternary 

deposits that include various loose slope deposits, avalanche slope deposits, and alluvial deposits. These 

mixtures typically consist of rocks, large gravel particles, and weathered clay minerals, characterized by 

a particle size distribution and an unstable structure that predominantly exhibits a 'binary structure' of 

soil and stone. Such deposits are commonly found in slope formations across numerous reservoir areas. 

Hydrological factors, such as intense rainfall or fluctuations in groundwater levels, serve as critical 

triggers for slope failure. Effective environmental management must focus on the implementation of 

drainage systems and the enhancement of water retention capacity. The interplay between slope stability 

and environmental management is reciprocal, necessitating integrated strategies to maintain ecological 

balance and ensure human safety. The stability of these slopes is significantly influenced by the 

processes of water infiltration and the drying-wetting cycle. Slaking, defined as the alternation of wetting 

and drying, is particularly relevant; rocks, especially those containing clay, exhibit swelling upon 

wetting and subsequent contraction during drying. The infiltration of water into the pores of the rock 

leads to dilation, which induces tensile stresses and results in the formation of tension cracks [1, 2]. 

Consequently, investigating the slaking characteristics of soil-rock mixture materials and conducting 
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numerical simulations are essential for engineering applications. Furthermore, soil-rock mixture 

materials are frequently utilized in embankment construction, and the slaking deformation of these 

embankments serves as a critical parameter for assessing construction quality [3-6]. 

The slaking behavior of soil-rock mixtures is intricate and influenced by various factors, including 

grading, mineral composition, confining pressure, and density [7-11]. Slaking occurs when aggregates 

lack the strength to endure internal stresses from rapid water absorption. These internal stresses arise 

from uneven swelling of clay particles, air trapped and escaping in soil pores, quick heat release during 

wetting, and the mechanical movement of water.  [12, 13]. The impact of slaking on the mechanical 

properties and deformation of coarse-grained soil has been thoroughly examined through triaxial slaking 

tests on clay-sand mixtures. Results indicated that as water content increases, the tangent modulus of 

the sample decreases, while cohesion diminishes with higher slaking stress levels, although the friction 

angle remains relatively constant [14, 15]. Comprehensive slaking tests conducted on granite and 

metamorphic rockfills have demonstrated a linear correlation between volume strain and stress levels 

during the slaking process, while the relationship between axial strain and stress levels can be 

characterized by exponential functions [16, 17]. Although the shear strength of slate coarse-grained 

materials exhibits variations following wetting, the strength index of coarse-grained soil remains largely 

unaffected across different stress levels [18, 19]. The classical stress dilatancy theory has proven 

inadequate in formulating a cohesive constitutive model applicable to both loose and dense sand across 

a broad spectrum of density and stress conditions [20]. It is posited that the dilatancy of granular soil is 

contingent upon both the external stress state and the internal physical state, with the latter typically 

encompassing parameters such as compactness and confining pressure, as discussed in the existing 

literature [21-23]. This study employs the principles of critical state soil mechanics and utilizes a large-

scale triaxial apparatus to investigate the stress-strain relationships of soil-rock mixtures before and after 

wetting, under conditions of both intensive and loose compactness and varying confining pressures. The 

research aims to analyze the impact of slaking on the mechanical properties of the soil-rock mixture by 

examining the physical state changes that occur pre- and post-wetting. Subsequently, the stress-strain 

relationship is modeled using a state-dependent elastoplastic constitutive framework, which is then 

validated against experimental results to assess the model's applicability. 

2.  Materials and Methods 

2.1.  Slaking of soil-rock mixture 

Currently, there exist two primary methodologies for conducting slaking tests: the dual-line method and 

the single-line method. The ‘single-line’ method involves saturating dry soil under a specific stress state 

and subsequently measuring the deformation of the sample during immersion. Conversely, the ‘dual-

line’ method entails the preparation of two samples of geotechnical mixed materials that share identical 

initial conditions. One sample is subjected to conventional triaxial testing in its natural dry state, while 

the other is saturated with water and tested under wetting conditions using triaxial testing. The 

phenomenon of slaking results in a decrease in effective stress, a weakening of the interconnections 

between soil particles, and an increase in pore pressure, which collectively lead to a reduction in shear 

strength and a decline in the deformation modulus. By comparing the outcomes of the two samples, 

researchers can analyze the variations in parameters such as shear strength and deformation modulus 

that are induced by wetting. This method is particularly noteworthy as it allows for the comparison of 

deformation differences under identical stress states between dry and saturated samples, thereby 

providing insights into the hydro-mechanical behavior of granular materials under varying moisture 

conditions. Although the ‘single-line’ method is often deemed more practical for wetting and is 

frequently recommended for various applications, its experimental execution is relatively complex [24-

26]. Furthermore, when applied to calculations, the tangential modulus and tangential Poisson's ratio of 

the sample cannot be derived from the test data obtained through the ‘single-line’ method during wetting, 

and the incremental Hooke's law is not applicable for calculating immersion deformation. Additionally, 

the suitability of conventional triaxial tests for complex stress paths remains questionable [27]. While 
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the dual-line method may not align perfectly with the actual stress and flooding paths, it is characterized 

by its simplicity and ease of operation. To investigate the alterations in mechanical properties of the 

soil-rock mixture before and after wetting, the ‘dual-line’ method was employed for the slaking test. 

2.2.  Large-scale triaxial tests 

A large-scale triaxial apparatus was used in the test. The main technical parameters of the equipment: 

(1) maximum axial load 2500 kN, (2) maximum ambient pressure 5.0 MPa, (3) maximum back pressure 

2.0 MPa and (4) axial deformation rate 0.1–30 mm/min. 

The deposit used for the test was taken from a section of Mianmao Road in Deyang, Sichuan, China. 

The particle size distribution (PSD) of soil materials is shown in Table 1. The control of dry density 

affects its strength, deformation, and failure mode by changing the pore structure, particle contact state, 

and water-force coupling of the soil-rock mixture. In engineering, it is necessary to consider factors such 

as gradation and moisture content, and to determine the optimal range of dry density through 

experiments to achieve a balance between mechanical performance and stability. In order to study the 

effect of different controlled dry densities on the mechanical properties of soil-rock mixtures, the 

experimental subjects used two groups of soil-rock mixture samples with controlled dry densities for 

the triaxial slaking process (see Table 2). The sample size is Φ300 mm × H600 mm. To minimise 

segregation of coarse and fine particles during loading and improve the uniformity of the sample, the 

sample was divided into five layers, where each layer was 120 mm, and each layer is prepared according 

to the graded and controlled dry density. After packing, vibration is layered according to control height, 

air-dried samples are filled directly with air-dried materials, and saturated samples after filling with air-

dried materials are vacuum-pumped and saturated with water for about 8 h to ensure that the sample is 

fully saturated. Twenty sets of large-scale triaxial tests were conducted in four groups. To control the 

influence of consolidation time on the test results, the consolidation time of each sample was controlled 

at about 3 h, which could ensure the stability of the sample consolidation. The experimental scheme is 

shown in Table 3. 

 

Table 1. Particle size distribution of tested deposit 

Grain size (mm) 

60-40 40-20 20-10 10-5 5-2 2-1 ＜1 

14.2 28.7 26.8 12.4 17.9 10.8 6.5 

 

Table 2. Physical properties of soil-rock mixture 

Gs 

(Specific 

gravity) 

d50 

(Average grain 

size) 

mm 

Cu 

(Nonuniformity 

coefficient) 

Cc 

(curvature 

coefficient) 

ρdmax 

(Maximum dry 

density) 

g∙cm-3 

ρdmin 

(Minimum dry 

density) 

g∙cm-3 

2.657 17.3 11.6 2.46 2.379 1.419 

 

Table 3. Scheme of large-scale triaxial tests with respect to soil-rock mixture 

Test type 
ρd (dry density) 

(g∙cm-3) 

σ3 (Confining pressure) 

(kPa) 

Shear rate 

(mm/min) 

Consolidation-

drained 

(Saturated sample) 

2.14 

200、400、600、800、1000 0.6 1.90 

2.14 
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Consolidation-

drained 

(Dry sample) 

1.90 

2.3.  Slaking on friction angle 

The critical state is an ideal limit state in which the deviatoric stress and mass variation of soil mass do 

not change during continuous deformation, but it is difficult to reach this state due to the limitations of 

axial displacement range of the triaxial test system. The critical friction angle is speculated according to 

the method proposed by Indraratna et al. [28]. The relationship between friction angle and confining 

pressure of the deposit under various working conditions can be expressed as
 

𝜑𝑐 = 𝜑𝑐0 − ∆𝜑𝑐ln(𝑝0/𝑝𝑎)                                                  (2.1) 

𝜑𝑝 = 𝜑𝑝0 − ∆𝜑𝑝ln(𝑝0/𝑝𝑎)                                                (2.2) 

where p0 is the initial average effective stress, pa is the atmospheric pressure (100 kPa), φc0 and φp0 are 

the critical and peak state friction angles, respectively. 

According to the critical state soil mechanics theory, the sliding friction angle under triaxial 

compression can be defined as 

sin𝜑𝑚 =
3𝜂

6+𝜂
                                                               (2.3) 

where φm is friction angle, η=q/p' is the stress ratio, and, therefore, the critical state friction angle φc can 

be defined as 

sin𝜑𝑐 =
3𝑀𝑐

6+𝑀𝑐
                                                               (2.4) 

where Mc is the critical state stress ratio. By substituting Equation (2.1) into Equation (2.4), the critical 

state stress ratio under different initial effective stress conditions can be obtained as follows: 

𝑀𝑐 =
6sin[𝜑𝑐0−∆𝜑𝑐ln(𝑝0/𝑝𝑎)]

3−sin[𝜑𝑐0−∆𝜑𝑐ln(𝑝0/𝑝𝑎)]
                                                    (2.5) 

The isotropic consolidation curve at low confining pressure before and after wetting can be simplified 

as 

𝑒𝑖 = 𝑒𝑖0 − 𝜆𝑖ln(𝑝′/𝑝𝑎)                                                      (2.6) 

where ei is the void ratio of isotropic consolidation state, p' is the average effective stress, pa is 

atmospheric pressure (100kPa), ei0 is void ratio in the isotropic consolidation state, λi is the slope of the 

ICL (isotropic compression line) in the plane of e–lnp'. 

After the shear reaches its critical state, the critical state line (CSL) in the e–lnp' space can be 

expressed as 

𝑒𝑐 = 𝑒𝑐0 − 𝜆𝑐ln(𝑝′/𝑝𝑎)                                                    (2.7) 

where ec is the critical state void ratio, ec0 is the critical state void ratio when p' = pa, λc is the slope of 

the CSL (critical state line) in the plane of e–lnp. 

2.4.  State-dependent elastoplastic constitutive model 

The stress-strain relationship of soil-rock mixtures exhibits significant nonlinearity and dilatancy 

characteristics due to the interlocking effect between particles and the friction at the soil-rock interface. 

State-dependent elastoplastic models can describe the degradation of stiffness and volume change 

characteristics of the material during the transition from the elastic to the plastic stage by introducing 

critical state theory (such as the hardening rules of the modified Cambridge model) and related flow 

rules. 

In addition, the mechanical properties of soil-rock mixtures are significantly influenced by the 

characteristics of the interface between rock blocks and soil, as well as the particle gradation. State-

dependent models reflect the gradual failure process of the material through stiffness degradation 

mechanisms, and their analytical results are closer to the structural responses observed in actual 

engineering compared to elastic models. 
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In summary, state-dependent elastoplastic constitutive models have the potential to describe the 

mechanical behaviour of soil-rock mixtures within a theoretical framework, balancing theoretical 

innovation and engineering practicality in their application to soil-rock mixtures. 

In elastic–plastic theory, the flow law is closely related to the dilatancy ratio dr, which is usually 

defined as the ratio of plastic volumetric strain increment (dε
p 

v ) to plastic deviator strain increment (dε
p 

s ), and thus dr = dε
p 

v /dε
p 

s . Been et al. [29], on the basis of criticality theory, proposed to use state 

parameters (ψ) to reflect the degree of looseness of granular materials. ψ is defined as the difference 

between the current void ratio (e) and critical void ratio (ec) under the same corresponding pressure, that 

is 

𝜓 = 𝑒 − 𝑒𝑐                                                                       (2.8) 

Incorporating (2.7) into (2.8), state parameters (ψ) can be represented as 

𝜓 = 𝑒 − 𝑒𝑐0 + 𝜆𝑐ln(𝑝′/𝑝𝑎)                                                  (2.9) 

The dilatancy equation proposed by Li et al. [20, 30, 31] is 

𝑑r =
d𝜀v

p

d𝜀s
p =

𝑑0

𝑀𝐶
(𝑀𝑑 − 𝜂)                                                    (2.10) 

where Md = Mc∙exp(kdψ), which can then be substituted into Equation (2.10) to obtain the state-related 

dilatancy equation. 

𝑑r =
𝑑0

𝑀𝐶
{𝑀𝑐exp[𝑘𝑑(e − 𝑒𝑐0 + 𝜆𝑐ln(𝑝′/𝑝𝑎))] − 𝜂}                    (2.11) 

In this equation, Mc represents the critical state stress ratio, Md represents the dilatancy stress ratio 

and d0 and kd are the material-related constants. Li et al. [20] also proposed a simplified yield surface 

equation and assumed that when the stress ratio (η) exceeds its historical maximum stress, plastic strain 

will start to occur, while the path of equal stress ratio will not produce plastic strain, and η is the 

hardening criterion. This assumption is applicable to the conventional triaxial compression stress path, 

and the simplified yield surface equation is 

𝑓 = 𝑞 − 𝜂𝑠𝑝
′ = 0                                                     (2.12) 

The stress–strain relationship of elastoplastic in the incremental form can be expressed as 

�̇� = {𝐃𝑒 −
𝐃𝑒𝐦𝐧T𝐃𝑒

𝐻p+𝐧T𝐃𝑒𝐦
} �̇�                                                    (2.13) 

where De is the elastic modulus matrix, m = [n
g 

v , n
g 

s ]T is the unit vector of plastic flow direction and 

n=[n
f 

v, n
f 

s]
T is the unit hardening vector perpendicular to the loading surface of the current stress state. 

According to Equation (2.12), the hardening direction (n
f 

v, n
f 

s) in p'–q space is 

𝑛v
𝑓

=
1

𝐿𝑓

𝜕𝑓

𝜕𝑝′ =
−𝜂

√1+𝜂2
                                                 (2.14) 

𝑛s
𝑓

=
1

𝐿𝑓

𝜕𝑓

𝜕𝑞
=

1

√1+𝜂2
                                                  (2.15) 

The plastic flow direction (n
g 

v , n
g 

s ) is 

𝑛v
𝑔

=
1

𝐿𝑔

∂𝑔

∂𝑝′
=

𝑑

√1+𝑑2
                                                  (2.16) 

𝑛s
𝑔

=
1

𝐿𝑔

𝜕𝑔

𝜕𝑞
=

1

√1+𝑑2
                                                   (2.17) 

According to the uncorrelated flow law, the plastic strain increment (dε
p 

v , dε
p 

s ) can be expressed as 

d𝜀v
p

=
(𝑛v

𝑓
d𝑝′+𝑛s

𝑓
d𝑞)𝑛v

𝑔

𝐻p
                                            (2.18) 

d𝜀s
p

=
(𝑛v

𝑓
d𝑝′+𝑛𝑞

𝑓
d𝑞)𝑛s

𝑔

𝐻p
                                            (2.19) 

Where Hp is the plastic modulus, and the elastic part of the strain is 

d𝜀s
𝑒 =

d𝑞

3𝐺
                                                         (2.20) 

d𝜀v
𝑒 =

d𝑝′

𝐾
                                                        (2.21) 
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(
d𝑞

d𝑝′
) =

[
 
 
 (

3𝐺 0
0 𝐾

)

〈𝐿〉

𝐻p+3𝐺−𝐾𝜂𝑑
(

9𝐺2 −3𝐾𝐺𝜂

3𝐾𝐺𝑑 −𝐾2𝜂𝑑
)
]
 
 
 
(
d𝜀s

d𝜀v
)                         (2.22) 

In equation (2.22) when L＞ 0, <L> = 1, but in all other cases, <L> = 0. G and K are the elastic shear 

modulus and the elastic volume modulus, respectively, which can be expressed as 

𝐺 = 𝐺0
(2.17−𝑒)2

(1+𝑒)
√𝑝𝑎𝑝′                                                  (2.23) 

𝐾 = 𝐺
2(1+𝜇)

3(1−2𝜇)
                                                         (2.24) 

where G0 is the material parameter, μ is Poisson's ratio and e is the current porosity ratio. Li et al. [20] 

proposed a simplified form: 

𝐻p = ℎ𝐺 [
𝑀𝑐

𝜂
− exp(𝑘𝑝𝜓)]                                                 (2.25) 

where, h and kp are model parameters, Mc is a function of the initial mean effective stress p0, which is 

represented by φc and Δφc according to (2.5). In summary, the simplified state-dependent constitutive 

model involves 10 model parameters: φc0, Δφc, ec0, λc, d0, kd, kp, h, G0 and μ. 

2.5.  Simulation parameters based on state-dependent constitutive modelling 

For large triaxial consolidation drainage tests, the stress–strain relationship is as follows: 

d𝑞 = 3d𝑝′                                                                 (2.26) 

d𝜀v = d𝜀𝑎 + 2d𝜀𝑟                                                      (2.27) 

d𝜀𝑞 =
2

3
(d𝜀𝑎 − d𝜀𝑟)                                                  (2.28) 

Substituting Equations (2.26), (2.27) and (2.28) into Equation (2.22), the increment of partial stress 

(dq) and the increment of average effective stress (dp') can be obtained according to the axial strain 

increment (εa). 

Compared with the saturated deposit before and after wetting, the stress–strain relationship of the 

air-dried deposit has little effect on Mc, λc and the form of dilatancy equation, or, in other words, the 

critical state parameters and the state-related parameters do not change before and after wetting. 

Considering the influence of different initial water contents on ec0 and G0, the same set of parameters 

can be used to describe the slaking stress–strain relationship of the deposit by the double-line method. 

The influence of slaking on ec0 is mainly to ensure ec0-d in the corresponding air-dried state moves 

downward to ec0-w-W in the slaking saturation state, which can be expressed as ec0-w = ec0-d − Δe. The 

softening effect of slaking on the elastic modulus is mainly considered by the reduction coefficient (β), 

that is G0-w = βG0-d. 

3.  Results and Discussion 

3.1.  Test results 

Figure 1 illustrates the stress-strain curve associated with large-scale triaxial slaking of a soil-rock 

mixture, as analyzed through the ‘dual-line’ method. The findings indicate that the air-dried deposits, 

subjected to the specified grading, exhibit pronounced characteristics of strain softening and dilatancy 

throughout the shearing process. Notably, under identical confining pressures, the dilatancy observed in 

the sample with a dry density of ρd = 2.14 g∙cm-3 (Dr = 0.836) is significantly more pronounced than that 

of the sample with a dry density of 1.90 g∙cm-3 (Dr = 0.628). Furthermore, at a constant dry density, it is 

evident that dilatancy increases with a reduction in confining pressure. For samples sharing the same 

grading and dry density, the stress-strain relationships exhibit marked differences post-saturation. For 

instance, at a confining pressure of σ3 = 1000 kPa and a dry density of ρd = 1.90 g∙cm-3, the stress-strain 

relationship of air-dried samples demonstrates a strain softening behavior, whereas, upon dilation, the 

relationship transitions to a strain hardening and volume shear behavior. These observations underscore 

the significant impact of slaking on the mechanical properties of soil-rock mixtures. 
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(a) Dry state, ρd = 2.14 g∙cm-3, εa ~ (σ1－σ3) 

curve. 

 
(b) Dry state, ρd = 2.14 g∙cm-3, εa ~ εv curve 
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(c) Dry state, ρd = 1.90 g∙cm-3, εa ~ (σ1－σ3) 
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 (d) Dry state, ρd = 1.90 g∙cm-3, εa ~ εv curve 
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 (f) Wet state, ρd = 2.14 g∙cm-3, εa ~ εv curve 
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 (h) Wet state, ρd = 1.90 g∙cm-3, εa ~ εv curve 

Figure 1. Stress–strain relationship in slaking tests on soil-rock mixture 

3.2.  Influence of slaking on the secant modulus of the deposit 

E50 is characterized as the secant modulus corresponding to the point at which the stress-strain curve 

reaches 50% of its peak value. Mathematically, this is expressed as E50 = 0.5qp/εq50, where qp represents 

the peak deviatoric stress and εq50 denotes the strain value associated with qp at the 50% mark. The 

correlation between the secant modulus E50 and the initial average effective stress p0 across various 

operational conditions is illustrated in Figure 2. 

As depicted in Figure 2, there is a positive correlation between the secant modulus and the initial 

average effective stress, indicating that E50 increases with higher values of p0. Additionally, the 

phenomenon of slaking exerts a detrimental influence on the secant modulus. Specifically, while the 

reduction in E50 due to slaking is minimal at a dry density (ρd) of 2.14 g∙cm-3, it becomes significantly 

pronounced at a ρd of 1.90 g∙cm-3. For instance, at an initial average effective stress of 1000 kPa and a 

dry density of 1.90 g∙cm-3, the secant modulus of the air-dried specimen is measured at 78.8 MPa. In 

contrast, the corresponding sample in a saturated slaking condition exhibits a secant modulus of 50.4 

MPa, reflecting a decrease of 36%. 

 

Figure 2. Relationship between secant modulus E50 and initial mean 

effective stress p0 at various conditions. 
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3.3.  Effect of slaking on friction angle 

The relationship between peak friction angle and confining pressure before and after wetting is shown 

in Figure 3, and the critical state points are plotted on the graph for comparison. It can be seen from the 

Figure 3 that the variation trend of friction angle in the peak state with confining pressure is basically 

the same as that in its critical state. The peak friction angle and the critical state friction angle of the 

deposit are closely related to the initial confining pressure and decrease with increasing confining 

pressure, which presents obvious stress correlation and nonlinear characteristics. Cu and Δφp are fitting 

parameters, and detailed parameter values are shown in Table 4. 

 

Figure 3. Mobilised friction angle of rock and soil mixture in the 

slaking test. 

 

Table 4. Fitting parameters of φc − ln(p0/pa) and φp − ln(p0/pa) 

Slaking state 
Critical state Peak state 

φc0 /° Δφc /° φp0 /° Δφp /° 

ρd=2.14 g∙cm-3. Before wetting 

47.18 2.65 

52.14 3.02 

ρd=2.14 g∙cm-3. After wetting 49.77 2.71 

ρd=1.90 g∙cm-3. Before wetting 47.77 2.25 

ρd=1.90 g∙cm-3. After wetting 47.04 2.64 

3.4.  Influence of slaking on the state line of the deposit 

Figure 4 shows the p'–e relationship before and after wetting in the p'–e projection plane. The fitting 

lines of ICL and CSL in the plane of e–lnp' are basically parallel before and after wetting; therefore, the 

fitting parameters λi and λc can have the same value before and after wetting, and the specific fitting 

parameters are shown in Table 5. It should be pointed out that the slope of the CSL of the deposit with 

a density of 2.14 g∙cm-3 (Dr = 0.836) is different from that with a density of 1.90 g∙cm-3 (Dr = 0.628) in 

the plane of the e–lnp' projection plane. This is different from the view held by Xiao et al. [22, 32] that 

the slope of the CSL of rockfill material with different densities is basically the same. This may be 

because the fine particle content of the deposit in this test is higher. 
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(a) ρd = 2.14 g∙cm-3  (b) ρd = 1.90 g∙cm-3 

Figure 4. State lines of soil-rock mixture on the e - lnp' projective plane 

 

Table 5. Fitting parameters of ICL and CSL  

Slaking state 
Fitting parameters of ICL Fitting parameters of CSL 

λi ei0 λc ec0 

2.14 g∙cm-3. Before wetting 
0.0123 

0.248 
0.0362 

0.328 

2.14 g∙cm-3. After wetting 0.239 0.308 

1.90 g∙cm-3. Before wetting 
0.0212 

0.404 
0.0515 

0.491 

1.90 g∙cm-3. After wetting 0.392 0.432 

3.5.  Simulation results 

According to the experimental results in Figure 2, when the dry density of the deposit is 2.14 g∙cm-3, 

Δe = 0.020 and β = 0.967 and when ρd = 1.90 g∙cm-3, Δe = 0.059 and β = 0.613. Other model 

parameters can be seen in Table 6. 

 

Table 6. Model parameters of soil-rock mixture  

Elastic 

parameter 

Critical state 

parameter 

Parameters related 

state 
Parameters influencing slaking 

G0 = 124 

ν = 0.32 

φc0 = 47.18 d0 = 2.32 ρd = 2.14 g∙cm-3, β = 0.967, Δe = 

0.020; 

 

ρd = 1.90 g∙cm-3, β = 0.613, Δe 

=0.059 

Δφc = 2.65 kd = 1.09 

λc = 0.0362 kp = 2.15 

ec0 = 0.328 h = 0.85 

Figure 5 presents a comparative analysis of simulation outcomes and empirical results pertaining to 

the state-dependent constitutive model. The model demonstrates superior predictive capabilities 

regarding the triaxial loading stress-strain relationship of soil-rock mixtures, encompassing both strain 

hardening accompanied by shear shrinkage and strain softening associated with dilatancy. This indicates 

that the proposed state-dependent constitutive model exhibits a high degree of adaptability to triaxial 
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testing conditions and effectively characterizes the internal state of the soil-rock mixture, the effective 

consolidation pressure, and the impact of slaking on its stress-strain behavior. 

 Furthermore, it is evident from Figure 5 that the model's performance on the εa~(σ1-σ3) curve is 

generally more favorable than that on the εa~εv curve. This discrepancy may be attributed to several 

factors, including the substantial volume of the sample, the loading rate, and the ambient temperature 

during testing. Additionally, the air-dry exhaust test was conducted using a U-tube, whereas the 

saturation Consolidated-Drained test utilized a volumetric variable tube, which is intricately linked to 

the drainage of pore water within the sample. These factors may significantly influence the εa~εv curve. 

Overall, the enhanced state-dependent constitutive model effectively captures the changes in dilatancy 

of the deposit before and after wetting. 
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(a) Dry state, ρd = 2.14 g∙cm-3, εa ~ (σ1－σ3) 

curve. 

 
(b) Dry state, ρd = 2.14 g∙cm-3, εa ~ εv curve 
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(c) Dry state, ρd = 1.90 g∙cm-3, εa ~ (σ1－σ3) 

curve 

 (d) Dry state, ρd = 1.90 g∙cm-3, εa ~ εv curve 
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(e) Wet state, ρd = 2.14 g∙cm-3, εa ~ (σ1－σ3) 

curve 

 (f) Wet state, ρd = 2.14 g∙cm-3, εa ~ εv curve 
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(g) Wet state, ρd = 1.90 g∙cm-3, εa ~ (σ1－σ3) 

curve 

 (h) Wet state, ρd = 1.90 g∙cm-3, εa ~ εv curve 

Figure 5. Comparison between simulation and test results of the relationship between stress and 

strain in slaking tests 

4.  Conclusion 

Contemporary methodologies such as geotechnical modeling and slope stability analysis are 

instrumental in forecasting failure risks, thereby informing land-use planning and development 

regulations. Effective environmental management plays a crucial role in enhancing slope stability by 

preserving natural buffers, while stable slopes contribute to the maintenance of ecosystems and the 

mitigation of sedimentation in aquatic environments. The relationship between the friction angle and 

initial effective stress of a soil-rock mixture, both prior to and following wetting, can be articulated 

through the equation φ = φ0 - Δφln(p0/pa). This equation indicates that the friction angle of the deposit 

diminishes as the initial effective stress increases, with strength parameters exhibiting notable stress 

correlation and nonlinear characteristics. 

Slaking exerts a detrimental influence on the secant modulus (E50) and the peak state friction angle 

of the soil-rock mixture. The weakening effect becomes more pronounced as the dry density decreases. 

Notably, the slope of the critical state line (CSL) for a sample with a dry density of 2.14 g/cm³ (Dr = 

0.836) diverges from that of a sample with a dry density of 1.90 g/cm³ (Dr = 0.628), which in turn differs 

from that of rockfill with a lower fine particle content. 
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A comprehensive analysis of the slaking stress-strain relationship of the deposit reveals a strong 

fitting effect when characterizing the stress-strain relationship in both the air-dried state and its slaking 

saturation state within the theoretical framework of state-dependent constitutive modeling. These 

findings suggest that it is viable to represent the stress-strain relationship of air-dried bulk and its slaking 

saturation state using a consistent set of parameters. 
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