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Red mudstone has significant hydrophilicity, that is hard at low water contents and soft and unstable 
at high water contents, and understanding the whole range of water content on the shear behavior 
of red mudstone is critical for evaluating red beds landslide stability. However, the deterioration 
mechanism of red mudstone in the process of gradual humidification is not clear in the whole range 
of water content. In this study, a series of mechanical and microscopic tests were carried out in the 
whole range of water content. A mechanical behavior prediction model for the entire process under the 
coupling of initial damage and load damage was constructed. The results show that the deterioration 
of shear strength, elastic modulus and strength parameters conforms to the “logistic model” curve 
with the increase of water content in the whole range of water content. In addition, the water 
sensitivity of cohesion was higher than the internal friction angle, and it gradually stabilized as water 
content increased. The weakening mechanism of the mechanical strength in the accelerated decline 
stage is the initiation and propagation of microcracks caused by mineral expansion, which leads to 
the corresponding shear behavior. Finally, the constructed damage model can be transformed into 
different yield conditions through parameter changes. The introduction of coupling damage enables 
the model to more accurately describe and predict the accelerated attenuation stage of red mudstone 
in the process of gradual humidification in the whole range of water content.
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The term red beds refers to the red rock series deposited throughout geological history1, and such rocks are 
widely distributed all over the world2,3. Large-scale red beds in China were formed during the Meso-Cenozoic 
era4, and the total area of such red beds is more than 800,000 square kilometers. Their main lithology is red 
mudstone, siltstone, and sandstone (Fig. 1a)5,6. However, special attention should be paid to the high content of 
clay minerals in red mudstone7,8, which has strong disintegration, expansibility, and rheology after encountering 
water. Water–rock coupling has caused a large number of geological disasters9, seriously affecting urban 
construction, safe operation of roads and tunnels in the red beds (Fig. 1b–e). Such as, the red mudstone landslide 
triggered by rainfall in Jungong, Qinghai Province, which destroyed the 400 m highway10. The occurrence of the 
above geological disasters is often due to the transformation of red mudstone from low water content to high 
water content. It is necessary to study the mechanical behavior of red mudstone in the whole range of water 
content in order to effectively control and solve these geological disasters.

Water has always been considered an important factor that weakens the mechanical properties of 
rocks11–16, scholars have conducted extensive research on water–rock coupling14,17–26. At present, the research 
on the influence of water on red mudstone mainly focuses on different water content14,27, different humidity 
environment28,29, dry and wet cycle30,31, disintegration and expansion under the water action32–34. However, little 
attention has been paid to the deterioration behavior of red mudstone in the process of gradual humidification 
in the whole water content range, and its deterioration mechanism is still unclear. In addition, the study of the 
mechanical prediction model of the whole range of water content is the most lacking. In previous studies, the 
researchers usually assume that the rock material is composed of microstructure units35,36. Under load, the units 
with the lowest strength are destroyed first. Assuming that the micro element strength of mudstone under water 
follows a certain distribution, statistical methods can be used accordingly37,38. Following this, yield criterion can 
be selected based on the assumption of strain equivalence, and the stress–strain relationship can be obtained 
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using Hooke’s theory39,40. However, due to the strong hydrophilicity of red mudstone, the damage of water to 
red mudstone cannot be ignored. Therefore, a new mechanical prediction model needs to be further studied.

Based on the degradation mechanism of red mudstone in the process of gradual humidification is not clear in 
the whole range of water content, and the lack of corresponding mechanical behavior prediction model, the self-
made equipment in this paper overcomes the problem of sample disintegration in water and accurately prepares 
samples with different water contents. On this basis, the indoor mechanical test and microscopic test were 
carried out. The attenuation model of mechanical parameters in the whole range of water content is revealed, 
and the relationship between mineral composition, pore fissure and shear characteristics of red mudstone after 
hydration is analyzed. Finally, the unified damage prediction model of the whole process is proposed, which 
considers the coupling effect of hydration damage and load damage. The problem of prediction accuracy of 
mechanical prediction model of red mudstone under whole range of water content is solved. The above research 
results can provide a theoretical basis for the prevention and control of red mudstone landslide disasters.

Material and testing procedures
Engineering background and sample preparation
Samples were taken from the Gaojiawan red mudstone landslide in the Upper Yellow River in China, as shown in 
Fig. 1. The Gaojiawan landslide is located in Ledu District, Haidong City, Qinghai Province, China in the eastern 
section of the Huangshui River tectonic basin, between Laji Mountain and Daban Mountain. The landslide is a 
giant loess mudstone landslide, which is 1800 m long, 1300 m wide, and 110 m thick on average, with a plane area 
of about 2.4 km2 and 2a total volume of about 2.9 × 108m3. This landslide is composed of two parts; the upper 
part is loess, and the lower part is mudstone. The Gaojiawan loess-mudstone landslide led to the destruction 
of the Zhangjiazhuang tunnel that ran through the mudstone layer, the interruption of the Lanzhou-Xinjiang 
Railway, the serious deformation of houses, and an economic loss of about 2.25 billion yuan. The landslide also 
directly threatened the safety of 650 people in Gaojiawan Village.

The samples consisted of neogene red mudstone that exhibits argillaceous cementationin and has the 
additional characteristics of softening and disintegration in water and shrinkage and cracking after water loss. 
In order to maintain its natural water content and density, plastic film was used to wrap the samples on site. 
According to the International Society of Rock Mechanics (ISRM) specifications, the sample was then processed 
into a standard cylindrical sample with a diameter of 50 mm and a height of 100 mm. The parallelism of the 
sample was kept within ± 0.02 mm, and the maximum deviation between the end face and the axis was kept to 
less than 0.25 degrees. In order to avoid the influence of water on the mechanical properties of mudstone samples, 
no water was involved in the preparation process. In addition, before the start of the test, the appearance of the 
rock sample was initially checked to eliminate samples with obvious defects, and the RSM-SY5 (T) nonmetallic 
acoustic detector was used to test the ultrasonic rebound. In order to reduce the discreteness of the mechanical 

Fig. 1. a Distribution of red beds in China and sampling site, b–e Red beds geological disasters. The map was 
drawn using ArcGIS 10.5 (https://www.esri.com/).
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test results, only samples with acoustic wave velocity concentrated in 2.8–3.1 km/s were used for subsequent 
tests.

Experimental procedure
Whole range of water content testing
The processing flow of samples of red mudstone with different water content is shown in Fig. 2. The specific 
operation was as follows:

 (1)  Each sample was numbered, and an electronic balance with a sensitivity of 0.01 g was used for weighing.
 (2)  Each sample was placed in an electric blast drying box and dried at a constant temperature of 105° for 24 h, 

then placed in a drying container and cooled to room temperature before being weighed and recorded. The 
natural water content was then calculated according to Eq. (1).

  
ω0 = m0 − md

md
× 100 (1)

 (3)  w = 4.5% samples were prepared by gaseous water evaporation. The instrument used for this purpose was 
composed of a humidifier, a thermometer and a closed container. The natural water content samples were 
prepared by measuring their weight only. Finally, all samples were placed in a desiccator to ensure that the 
water content in the sample was uniform (Fig. 2a).

 (4)  A self-made device that can record the weight of the sample in real time was used for the preparation of 
w = 9% samples. This instrument was composed of a lifting device, a water tank, a sample hanging basket, 
and a tension meter, and a computer was connected to the tension meter. The sample was placed in a 
ϕ50 mm · 100 mm saturator for protection, and the change in mass during the water absorption process 
was recorded in real time. After reaching the required weight for water content, the sample was placed in a 
sealed bag to ensure that the water content in the sample was uniform (Fig. 2b).

 (5)  Preparation of saturated water content sample: First, each dried sample was wrapped with gauze and placed 
in a saturator. Then the sample was placed in a saturated cylinder, and the water surface was higher than 
the height of the sample. The sample was saturated in a vacuum environment of −0.1 MPa for 24 h. The 
vacuumized sample was placed in the original container and allowed to stand at atmospheric pressure for 
4 h. Finally, the weight was measured, and the saturated water content was calculated.

Fig. 2. Different water content sample preparation devices.
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Triaxial testing
After the preparation of each sample, triaxial testing was carried out on four different water content samples, 
w = 0% (dry), w = 4.5%, w = 9%, and w = 14% (saturated water content). According to a sliding surface depth of 
100–120 m, the confining pressure was set to 0 MPa, 1 MPa, 2 MPa, or 3 MPa, and an RTX-1000 rock triaxial 
testing machine was used to carry out the mechanical tests as shown in Fig. 3. The instrument was composed of 
a loading frame and a continuous axial loading double pump, a confining pressure continuous loading double 
pump, a high pressure chamber, axial and radial measuring devices, a digital servo controller, and acquisition 
software.

During the test, the sample had the upper and lower end force transmission columns sealed by heat shrinkable 
tube, and the end of the heat shrinkable tube was sealed again by waterproof tape to prevent the influence of oil 
leakage on the mechanical properties of the mudstone during the test. Then, two axial sensors and a radial sensor 
were installed. The confining pressure was subsequently applied to a predetermined value at a loading rate of 
0.5 MPa/min and kept constant throughout the test. The axial force loading rate was set to 2 KN/min, and the 
end condition of the test was set to strain control.

XRD testing and CT testing
D/max-2500 X-ray powder diffraction was used for XRD testing. In order to ensure the accuracy of the test 
results, four samples with the same water content were selected, and 3-5g of mudstone powder was extracted 
from each sample for testing.

Computer tomography (CT) recognition technology is the most advanced nondestructive recognition 
technology currently available. It can obtain microscopic images without damaging a rock sample. In order to 
study the characteristics of the changes in porosity of the red mudstone under water, an industrial CT machine 
was used to test the mudstone samples with different water contents.

Results and analysis
Triaxial mechanical behavior analysis
Shear behavior in the whole range of water content
The deviatoric stress–strain curve and the results data are shown in Fig. 4 and Table 1. With confining pressure 
as a variable, the stress–strain relationship exhibits the following characteristics: (1) From a macroscopic 
perspective, each stress–strain curve shows strain softening. (2) Under lower confining pressure, the stress–
strain curve is divided into four stages41,42: compaction, linear elastic, yield, and post-failure. However, the pore 
fracture compaction stage of the sample is not significant when confining pressure and water content increase. 
(3) The confining pressure is positively correlated with the shear strength. When the water content is constant, 
with the increase of confining pressure, the shear strength and residual strength of mudstone increase, the radial 
and axial peak strains increase, the brittleness of mudstone decreases, and the ductility increases43. The reason 
for this is that with an increase in confining pressure, the sample structure becomes denser, which weakens the 
lubrication, softening and argillization of water44.

Taking water content as a variable, the stress–strain relationship exhibits the following characteristics: (1) 
Under the same confining pressure, water content is negatively correlated with shear strength and residual 
strength, and this relationship is nonlinear. The deterioration of shear strength and elastic modulus conforms 
to the “logistic model” curve with the increase of water content in the whole range of water content. The change 
trend of mudstone strength with local water content conforms to the exponential form in the reference14,15, 
which is obviously different from the change trend of peak strength with water content in the whole range of 
water content in this paper. The research results of this paper further supplement the deterioration mode of 
water on red mudstone. (2) The curve after the peak becomes gentler with increasing water content. Taking 
confining pressure of 3MPa as an example, when the water content was w = 0%, 4.5%, 9% and 14%, the ratio 

Fig. 3. Triaxial test system and test process.
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Water content w (%) Confining pressure σ3  (MPa) Shear strength σ1  (MPa) Elastic modulus E  (MPa) Residual strength σr  (MPa)

0

0 14.54 3950 4.38

1 26.00 4070 11.9

2 29.78 4130 16.15

3 34.51 4210 17.88

4.5

0 12.01 3750 4.09

1 21.05 3770 9.52

2 25.18 3880 10.66

3 29.04 3930 17.20

9

0 1.67 192 1.02

1 3.35 210 2.72

2 5.38 215 4.56

3 7.52 220 7.07

14

0 1.27 150 0.65

1 2.72 162 2.65

2 4.68 173 4.63

3 6.79 203 6.77

Table 1. Triaxial test results.

 

Fig. 4. Stress–strain curves with different water content, aσ3 = 0 MPa, bσ3 = 1 MPa, cσ3 = 2 MPa, dσ3 = 3 
MPa.
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of residual strength to peak strength was 0.51, 0.59, 0.94, and 0.99 respectively. The difference between residual 
strength and peak strength also decreased obviously, indicating that the plasticity of the mudstone increased 
with water content45.

Brittleness-ductility
‘Rock brittleness’ is the phenomenon where a rock breaks rapidly after loading to its peak without having 
experienced obvious deformation. When this happens the rock undergoes crack propagation and eventually 
forms a failure surface in a process known as brittle failure. ‘Rock ductility’ is the term for the phenomenon 
where a rock experiences relatively large deformation during loading but does not break immediately after 
peak loading, and the relatively soft rock is prone to ductile failure. In the case of red mudstone brittle-ductile 
characteristics are obviously transformed under wet conditions. Therefore, the index B that considers the 
post-peak and energy release ratio was selected to analyze the brittle-ductile characteristics of our mudstone 
samples46. The expression for B is as follows:

 
B = σp − σr

εr − εp
+ (σp − σr)(εr − εp)

σpεp
 (2)

where σr and σp are residual strength and peak strength respectively, and εr and εp are residual strain and peak 
strain respectively. Figure  5 shows the variation in the characteristics of this mudstone brittleness index for 
different water content. The brittleness index decreases significantly with an increase in water content. There are 
evidently two stages in the downward trend: the rapid decline stage and the steady decline stage. The results show 
that the deformation and failure of the red mudstone under water action is a dynamic transformation process of 
brittleness and ductility.

Figure 6 shows images of the mudstone after deformation and failure under different water contents and confining 
pressures. The fracture surface is readily apparent, the failure mode transitions from brittle failure to ductile 
failure as water content increases47. During the uniaxial test of w = 0% and w = 4.5%, the larger lateral expansion 
of the sample was due to the lack of lateral deformation constraints and thus was mainly tensile fracture that 
caused the rock to become severely broken. Additionally, due to the effect of internal tensile stress, the rock also 
exhibits signs of brittle fracture failure. Moreover, due to the effect of confining pressure, the lateral deformation 
was suppressed in the triaxial test, and since the maximum shear stress was generated on the slope with an angle 
of 45° to the axial direction. Thus, the relative shear slip between the lattices in the material caused damage of a 
typical compression-shear failure nature. With an increase in confining pressure, the fracture surface was more 
and more flat48, and there was powder produced by strong friction on the shear fracture surface. The sample 
showed obvious ductility in the case of high confining pressure, and the fracture surface was more and more 
smooth with increasing water content.

Deterioration mode of elastic modulus
The deformation modulus of a specimen is a variable when the stress–strain curve is nonlinear, and the relationship 
between the elastic modulus and water content is shown in Fig. 7. The elastic modulus gradually decreased with 
the increase of water content17,18, and the decrease rate slowed down with the increase of confining pressure, 
indicating that confining pressure slowed down the deterioration of elastic modulus by water15.

The relationship between water content and elastic modulus can be fitted by the improved logistic function 
as follows:

Fig. 5. Variation in the brittleness index of the mudstone under water action.
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Fig. 6. The deformation and failure diagram of red mudstone under different water content and different 
confining pressure.
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Y = B + A

(C + EXP (X ∗ E))  (3)

The elastic modulus of mudstone is thus B + A / (C + 1) when the water content is 0. The parameter values 
obtained by genetic algorithm are shown in Fig. 7.

The strength parameters deterioration
The strength parameters of cohesion c and internal friction angle φ in this paper are obtained by drawing Mohr 
circle, as shown in Fig.  8. The relationship between strength parameters and water content takes an inverse 
‘S’ shape (Fig. 9). Compared to the dry sample, the cohesion decreased by 19%, 92%, and 96%, respectively, a 
significant decreasing trend. Similarly, the internal friction angle decreased by 4%, 46%, and 48%, respectively, 
but the decrease rate was significantly lower than that of cohesion. This phenomenon shows that the influence 

Fig. 8. Mohr circle, aw = 0%, bw = 4.5%, cw = 9%, dw = 14%

 

Fig. 7. The relationship between elastic modulus and water content.
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of water on the strength of the red mudstone is mainly reflected in its cohesion, especially the red mudstone that 
contains more clay minerals. Most of the cemented substances were destroyed and reach the equilibrium state 
with an increase in water content, resulting in the cohesion not becoming fully reduced to 014.

According to the relationship between the water content and the Mohr–Coulomb strength envelope in 
Fig.  10, it can be found that the strength envelope shrinks with the increase in water content. The strength 
envelopes of the four water contents are divided into two groups, and the trend in the Mohr–Coulomb strength 
envelope changes between them. Therefore, it is necessary to determine the specific relationship between rock 
strength and the whole range of water content prior to landslide stability analysis or engineering design.

Weakening effects by water
The effects of water on mineral composition
The mineral composition and content of red mudstone with different water contents were measured and 
analyzed by mineral x diffraction testing (Fig.  11). It can be seen that the main mineral components of red 
mudstone samples included quartz, plagioclase, calcite, illite, chlorite, and analcime. Under the action of water, 
no new mineral composition was formed in the red mudstone, but the total amount of water-sensitive clay 
minerals decreased significantly with an increase in water content (32.7% > 30.1% > 28.7% > 27.3%) (Fig. 12). 
The decrease of clay mineral content may be due to its expansion in water, which leads to the formation of 
cracks in red mudstone, thus the loss of clay minerals in water. The expansion characteristics of red mudstone 
are mainly due to illite and chlorite. Illite is a mineral that contains hydrated aluminosilicate, and there are 
adsorption sites such as hydrogen bonds in its structure that can absorb surrounding water and interact with 

Fig. 10. The influence of water content on the Mohr–Coulomb strength envelope.

 

Fig. 9. The relationship between shear strength parameters and water content.
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water molecules. This causes the lattice structure to change, resulting in volume expansion of minerals. Chlorite 
reacts with water similarly to illite. Chlorite is a layered silicate mineral that contains hydroxide ions (OH-), and 
its strong reaction with water is mainly due to the interaction between hydroxide ions and water molecules in the 
layered structure of chlorite. In addition, red mudstone is a kind of sedimentary rock, and its red color is dues 
to the presence of hematite (Fe2O3) and other iron oxides. Water reacts with iron oxides to form water-soluble 
iron ions. Thus, under water action, the structure of red mudstone becomes weakened due to the water reaction 
of water-sensitive clay minerals and the dissolution of iron oxides49.

The effects of water on microstructure
The CT scanning grayscale images of samples with different water contents are shown in Fig. 13, in order to 
improve the accuracy of CT calculation, the image is cropped to remove the contrast difference between the 
top and bottom caused by the ray source. In addition, the noise reduction method is used to process the CT 
image, and the watershed algorithm is used for binarization analysis. Each pixel of the grayscale image has a 
grayscale value, which is usually represented by a number. Different numbers represent different colors, where 
0 is black, 255 is white, and the numbers in between represent different gray levels. These gray values reflect the 
relative absorption level of X-rays when passing through rock samples: higher gray values indicate higher X-ray 
absorption, which is presented as a brighter area on the image, and lower gray value indicates lower absorption, 
which is presented as a darker area. Different structures and minerals in the rock have different degrees of 
X-rays absorption50. Figure 13 shows that the grayscale images with different water contents can be divided into 
two categories. The mudstone samples with w = 0% and w = 4.5% have good integrity, no cracks, and compact 
structure. For w = 9%, w = 14%, however, the pores of the sample increased and cracks appeared inside. The 
reason may be that the water-sensitive clay minerals expand during the infiltration of water, resulting in the 
formation of cracks.

In order to analyze the influence of water on the porosity of mudstone samples further, firstly, the contrast 
between skeleton and pore was increased by image preprocessing. By performing pixel analysis on these images, 
the total volume of the pore regions could be calculated and then divided by the total volume of the entire sample 

Fig. 12. Changes in mineral content in samples with different water content.

 

Fig. 11. X-ray diffraction spectra of samples with different water content.
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to obtain the porosity, as shown in Fig. 14. It can clearly see that the total porosity and the connected porosity 
increased with water content51,52. The main reason is that water causes clay minerals to expand, migrate and the 
dissolution of iron oxides, resulting in changes in pores. In addition, compared to the sample with w = 0%, the 
growth rate of connected porosity rose, but the growth rate of total porosity declined. Water thus increases the 
connectivity of mudstone pores, and the connected pores are more active in the presence of water. In addition, 
according to Fig. 14, it can be found that when the water content is from 4.5% to 9% in the whole range of water 
content, the pore growth rate is the largest, the microstructure deterioration at this stage is the most significant, 
and the stability of the red mudstone is the most affected.

Strength deterioration analysis
The deterioration effects of water on rock can be categorized into mechanical effects and physical and chemical 
effects53,54. The conventional triaxial test in this paper was performed under undrained conditions. During 
shearing at constant water content, however, volume changes, which causes a change in (negative) pore-water 
pressure and thus shear strength.

The physical and chemical effects of water on rocks include lubrication, softening and argillization, particle 
exchange, dissolution, hydrolysis, and redox50. Water–rock coupling is that the dissolved substances in water 
affect the microstructure of mudstone through dissolution and precipitation reactions. For red mudstone 

Fig. 14. Changes in porosity for samples with different water content.

 

Fig. 13. Grayscale images of samples with different water content.
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specifically, water reacts with illite, chlorite, and iron oxides, which causes hygroscopic expansion of mineral 
particles and dissolution of iron oxides17,55. The resultant increase in pore connectivity, and the deformation 
space of mudstone increases so that the mudstone has greater plastic deformation during the loading process.

In addition, water as a medium can fill the pores and particle gaps of mudstone, resulting in the reduction 
of molecular tension on the surface of the shrinkage film on the water–air interface. Moreover, water has a 
certain lubricating effect on the particles of mudstone, changing the cementation state between the particles 
and weakening the internal cementation of the mudstone structure, which is a major reason for the decrease in 
cohesion. However, most of the cements are destroyed when the mudstone is exposed to a high enough water 
content. Further increase in water content after this point will not significantly change the relationship between 
particles, so the cohesion changes little under high water content, not decrease to zero56. Based on the above 
analysis of macro and micro test results, the deformation behavior and strength deterioration characteristics of 
mudstone are closely related to the continuous adjustment of its microstructure under water action.

Mechanical behavior prediction
The prediction model
Damage theory was proposed by Kachanov in 1958. Here, the stress–strain relationship after material damage 
is expressed by the concepts of continuity factor and effective stress. The study of damage mechanics follows 
certain steps, in which the selection of damage variables in the first step is extremely important for the accuracy 
of the results. Generally speaking, area, volume, elastic modulus, wave velocity and void ratio are selected as 
damage variables. According to the existing research, the porosity is used to construct the initial damage model 
in this paper57. The expression damage is as follows:

 
D1 = P ′

P
− 1 (4)

where P  is the initial porosity, and p′ is the porosity after damage under the water action.

The rock is abstracted into two parts: damaged and undamaged materials and assume that the stress on the rock 
is shared by these two parts58. According to Lemaitre’s59 strain equivalence hypothesis, we have the rock water 
damage model given by:

 σ = σ∗ (1 − D) + σrD (5)

where σ is the nominal stress of rock, σ∗ is the effective stress of rock, σr  is the residual strength, and D is the 
coupling damage variable of rock, as shown in Eq. (6). When D = 0, the material is in a undestroyed state or an 
initial state. When D = 1, the material is in a completely damaged state.

 D = D1 + D2 − D1D2 (6)

where D1 is the damage to the rock caused by water (Eq. 4), and D2 is the damage to the rock caused by load.

According to the deformation compatibility of damaged and undamaged materials in rock, after combining 
Eq. (5) and the generalized Hooke’s law, the rock damage model can be obtained:

 σ1 = (1 − D)ε1E + ν(σ2 + σ3) + σrD(1 − 2ν) (7)

where ν is Poisson’s ratio, and E is the rock elastic modulus. Combined with Eq. (3), the damage model that also 
considers water content is:

 
σ1 = (1 − D)ε1

[
B + A

(C + EXP (X ∗ E))

]
+ ν(σ2 + σ3) + σrD(1 − 2ν) (8)

In the above formula, D is unknown. In this paper, an abstract damage variable is used to describe the damage 
to the rock caused by load. First, we assume that the rock under load is composed of numerous infinitesimal 
elements. According to the damage mechanics of such continuous media, the damage to a rock under load is 
defined as the ratio of the failure number n of micro-elements to the total number N of micro-elements without 
damage, and its value is on the interval [0, 1].

 
D2 = n

N
 (9)

Considering that rock material undergoes a continuous damage process during loading, it is assumed that 
Hooke’s law is obeyed before the failure of rock micro-element60. Under the action of increasing load, the micro-
element damage of each force is therefore random with some known distribution for convenience. In practice, 
the Weibull distribution reflects the response characteristics of rock mechanics well61, its internal parameters are 
few and easy to calculate, and the physical meaning is clear. Thus, it is assumed that the known distribution of 
micro-element damage is Weibull with probability density function:

 
p(F ) = m

F0
( F

F0
)m−1 exp

[
−( F

F0
)m

]
 (10)
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where F0 and m represent the proportional parameter and the shape parameter, respectively. When loaded to a 
certain level F, the number of broken units is given by Eq. (11).

 
n(Y ) =

f(σ)
∫
0

Np(x)dx (11)

and the statistical damage variable can be further obtained as follows:

 
D2 = 1 − exp

[
−

(
F

F0

)m]
 (12)

where F is the rock micro-unit strength.

There are many widely-used geotechnical yield criteria, including the Mohr–Coulomb criterion, Von-Mises 
criterion, Tresca criterion, Drucker-Prager criterion, and Zienkiewice-Pande criterion. Many scholars have 
carried out extensive research on statistical damage using the Mohr–Coulomb criterion62 and Drucker-Prager 
criterion63 have not given a unified statistical damage model. In this model, the unified yield condition is 
obtained by further extending the general formula of Zienkiewice’s yield function. By changing the coefficient 
value, a variety of yield conditions can be obtained, including the Tresca condition, Mises condition, Mohr–
Coulomb condition (nonassociation rule), and Drucker-Prager condition. The expression is as follows:

 
F = βp2 + α1p − k +

[ √
J2

g (θσ)

]n

 (13)

Here p = σ∗
1 + σ∗

2 + σ∗
3 , J2 = 1

6

[
(σ∗

1 − σ∗
2)2 + (σ∗

1 − σ∗
3)2 + (σ∗

2 − σ∗
3)2]

.
The following parameters values were selected for the yield condition:

 

β = 0
n = 1

α1 = 2 sin φ√
3(3 − sin φ)

k = 6c cos φ√
3(3 − sin φ)

g (θσ) = 1

 (14)

where c is cohesion, and φ is internal friction angle. From the above formula, the statistical damage of the soft 
rock can be obtained as follows:

 
D = D1 + 1 − exp

[
−

(
F

F0

)m]
− D1

[
1 − exp

[
−

(
F

F0

)m]]
 (15)

Since the stress measured in the triaxial test is the nominal stress, according to the generalized Hooke’s law, from 
using Eq. (5) we have:

 

σ∗
1 = σ1Eε1

σ1 − ν(σ2 + σ3)

σ∗
2 = σ2Eε1

σ1 − ν(σ2 + σ3)

σ∗
3 = σ3Eε1

σ1 − ν(σ2 + σ3)

 (16)

and using the above formula we can obtain p and J2 as follows:

 

p = (σ1 + σ2 + σ3)Eε1

σ1 − ν(σ2 + σ3)

J2 = 1
6 [( (σ1 − σ2)Eε1

σ1 − ν(σ2 + σ3) )2 + ( (σ1 − σ3)Eε1

σ1 − ν(σ2 + σ3) )2 + ( (σ2 − σ3)Eε1

σ1 − ν(σ2 + σ3) )2]
 (17)

Here σr  is the axial residual stress of the damaged part of the rock, which obeys the Mohr–Coulomb criterion. 
Combined with Eq. (16), the expression for σr  is:

 
σr =

(1 + sinφr) σ3Eε1
σ1−ν(σ2+σ3) + 2crcosφr

1 − sinφr
 (18)
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in addition, when the geotechnical material reaches its residual strength, the axial force does not change 
significantly with increases in deformation39. Usually, the residual strength is related to the confining pressure. 
Based on the assumption of Cao et al.64, the residual strength in our model is thus given by:

 
σr = (1 + sinφr)σ3 + 2crcosφr

1 − sinφr
 (19)

When σ2 = σ3, and combining the above with Eqs. (13), (14) and (17), the rock micro-element strength F under 
unified yield conditions can be obtained.

 
F =

[
2 sin φ√

3(3 − sin φ)

]
·
[

(σ1 + 2σ3)Eε1

σ1 − 2νσ3

]
+ (σ1 − σ3) Eε1√

3 [σ1 − 2νσ3]
− 6c cos φ√

3(3 − sin φ)
 (20)

According to Eq. (7) and Eq. (15), the constitutive equation of coupled damage based on unified yield conditions 
can be obtained as follows:

 
σ1 = Eε1 (1 − D1) ·

{
exp

[
−

(
F

F0

)m]}
+ ν(σ2 + σ3) + σrD(1 − 2ν) (21)

Model parameters
The mechanical behavior prediction model of rock material has six parameters: elastic modulus E, Poisson’s 
ratio ν, cohesion c, and internal friction angle φ, which can be obtained by conventional rock test, and m and 
F0 , which are obtained according to the extreme points of the stress–strain curve. The following relationships 
exists for the extreme points:

 

σ1 = σp|ε1=εp
∂σ1
∂ε1

|ε1 = εp = 0  (22)

where σp is the peak stress, and εp is the strain related to the peak stress.

The partial derivative of Eq. (21) is as follows:

 
∂σ1

∂ε1
= E(1 − D) − Eε1

∂D

∂ε1
+ σr(1 − 2ν)∂D

∂εl
 (23)

Combining the above two equations,m and F0 are thus:

 
m = E · Fp

[σr (1 − 2ν) − Eεp] ln(1 − D2) · 1
∂Fp

∂εp

 (24)

 
F0 = Fp

[
− ln

(
σp − 2νσ3 − σrD (1 − 2ν)

Eεp · (1 − D1)

)]− 1
m

 (25)

where Fp can be obtained by substituting σp and εp into Eq. (20), that is, the partial derivative of Fp with respect 
to εp is as follows:

 

∂Fp

∂εp
=

[
2 sin φ√

3(3 − sin φ)

]
·
[

(σ1 + 2σ3)E
σ1 − 2νσ3

]
+ (σ1 − σ3) E√

3 [σ1 − 2νσ3]
 (26)

Substituting σp and εp into Eq. (21) and likewise in Eq. (22), the expression for D is given by:

 
D = σ1 − 2νσ3 − Eεp

σr (1 − 2ν) − Eεp
 (27)

Prediction model validation
In order to verify the rationality of the statistical mechanical behavior prediction model of rock damage softening 
proposed in this paper, the relationship between deviatoric stress and deviatoric strain in section "Triaxial 
mechanical behavior analysis" is transformed according to the following formula65.

 σl = σ′
l + σ3 (28)

 εl = ε′
l + εc (29)

 εc = (1 − 2ν)σ3/E (30)

where σ′
l  and ε′

l are deviatoric stress and deviatoric strain, respectively. The parameters required for the 
mechanical behavior prediction model according to our test results, are shown in Table 2.
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Substituting the above parameters into the mechanical behavior prediction model, the theoretical curve of the 
model can be obtained, as shown in Fig. 15.

Figure 15 shows that compared to the mechanical behavior prediction model without considering initial 
damage and residual strength (WCIDR) (red scatter in Fig. 15), the improved model (green scatter in Fig. 15) in 
this paper can better predict the mechanical behavior of red mudstone under the action of water, especially peak 
strength. The damage model can be transformed into different yield conditions by parameter changes, which has 
great flexibility and is convenient for engineering applications. However, the model in this paper only considers 
elasticity before the peak, which cannot describe the viscous and plastic deformation stages well. Therefore, the 
viscoelastic-plastic model considering coupling damage needs to be further studied in the subsequent research.

Parameter sensitivity analysis
As mentioned above, parameters m and F0 are obtained by mathematical method, and the influence of 
parameters m and F0 on peak strength is further studied by control variable method. As shown in Fig.  16 
and Fig. 17, the stress–strain curves under different m and F0 are shown. The increase of m and F0 improves 
the peak strength, which is consistent with the results of reference38. In addition, through Pearson correlation 
analysis, it is found that the correlation between parameter F0 and peak strength is significant, and the control 
of parameter F0 on peak strength is greater than that of m.

Conclusion
In this study, a combination of laboratory tests and theoretical methods was used to carry out mechanical 
and microscopic tests of red mudstone under the whole range of water content, and a mechanical behavior 
prediction model for this process under the coupling of initial damage and load damage was constructed. Our 
main conclusions are as follows:

Fig. 15. Comparison between experimental values and model values. aσ3 = 0MPa, w = 0%, bσ3 = 2MPa, 
w = 9%

 

Water content W (%) 0 4.5 9 14

Cohesion c(MPa) 5.29 4.29 0.42 0.23

Internal friction angle ϕ (°) 38.06 36.72 20.65 19.93

1 − D1 1 0.92 0.82 0.77

σ3  = 0MPa m 3.97 53.43 83.91 77.49

F0 16.6 6.11 1.04 0.96

σ3  = 1MPa m 3.4 4.91 9.41 7.53

F0 40.66 29.33 2.91 2.53

σ3  = 2MPa m 3.31 3.98 7.96 5

F0 47.16 39.12 4.87 4.82

σ3  = 3MPa m 2.49 2.82 7.09 8.81

F0 64.31 53.54 6.2 6.11

Table 2. Model parameters.
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 (1)  In the whole range of water content, the deterioration of red mudstone has obvious stage attenuation mode. 
The deterioration of shear strength and elastic modulus conforms to the “logistic model” curve with the 
increase of water content.

 (2)  The influence of water on the strength of the mudstone is reflected in its cohesion. The rate of decrease of 
internal friction angle was lower than that of cohesion. When approaching saturated water content, most of 
the cements in the mudstone are destroyed, resulting in a steady downward trend in strength parameters.

 (3)  The expansion and migration of clay minerals increase the pore connectivity and lead to the deterioration 
of mudstone structure. In particular, the appearance of cracks leads to the accelerated deterioration of red 
mudstone. The mechanical behavior of the mudstone is thus essentially the result of continuous adjustment 
and changes in microstructure under loading and humidification conditions.

 (4)  Predicted values from the mechanical behavior prediction model of the entire process under the coupling 
of initial damage and load damage agreed with the experimental results, the problem of the influence of 
microstructure damage on the accuracy of prediction results is solved. The model provides new ideas for 
evaluating the stability of red mudstone landslides under water action.

Data availability
Data availability All data generated or analysed during this study are included in this published article.
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Fig. 17. Effect of m on stress—strain curve.

 

Fig. 16. Effect of F0 on stress—strain curve.
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