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Abstract  12 

Tensile cracks in soil slopes, especially developing at the crown, have been increasingly recognized as the 13 

signal of slope metastability. In this paper, the role of crown cracks in natural soil slopes was investigated and 14 

their effect on stability was studied. A numerical slope model based on the extended finite element method 15 

(XFEM) simulating the tensile behavior of soil was used. Before the simulation, a numerical soil tensile test 16 

was applied to validate the use of XFEM on tensile behavior of soil. Slope failure was simulated by using 17 

strength reduction technique, which can determine the potential slip surface of slope. The simulation results 18 

show that the crown crack forms in natural soil slopes when the plastic zone starts penetrating, and therefore it 19 

is reasonable to consider the crown crack as the signal of slope metastability. A sensitivity analysis shows that 20 

cracks are at the position of the tension zone or very long can obviously affect the slope stability. The stress 21 

variation analysis from the initial deformation to slip surface penetration shows that the slope is at a state of 22 

compressive stress initially. When plastic zone starts to penetrate, the upper part of slope generates tension zone, 23 

but the extent of tension zone is limited until slope failure. This shows why tensile cracks are difficult to form 24 
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and be stretched in the deep part of the slope. The application of XFEM on slope stability analysis can be used 25 

to assess the tensile strength of soil and predict slope failure disaster. 26 

Keywords: XFEM, stability analysis, crown crack, crack propagation, stress status 27 

Introduction 28 

Landslides are one of the most common geological disasters in nature. Many catastrophic landslides occur 29 

all over the world each year, causing loss of property and life (Tang et al., 2009; Yin et al., 2016; Gianvito et 30 

al., 2018; Chen et al., 2018b; Zhang et al., 2019a;). Landslide is a form of mass movement, including diverse 31 

ground movements such as fall, topple, slide, spread, and flow (Hungr et al., 2014). All these types of ground 32 

movements exhibit mass separation behavior, generating cracks before mass separation. Some landslide events 33 

has exhibited the whole process of failure (Fan et al., 2018; Ouyang et al., 2019; Chen et al., 2019), and one 34 

typical case is the Baige landslide. Researchers applied remote-sensing images and InSAR to the Baige landslide, 35 

to analyze its historical deformation (Xu et al., 2018; Ouyang et al., 2019). They found deformation firstly 36 

occurred at the front part of the slope at the initial stage of the deformation; then as time goes on, large-scale 37 

tensile cracks and drop heads formed at the slope crown; finally, with deformation developing, a slide occurred. 38 

The case shows a common failure process of landslides. Although, many landslide events (Steiakakis et al., 39 

2009; Chen et al., 2018a; Tang et al., 2019; Fan et al., 2019) and field investigations (Fig.1) have proven that 40 

crown cracks are the signal of slope metastability during the long-term slow deformation process, there are still 41 

some issues deserve researching, such as at what stage of slope deformation will the crown cracks form? How 42 

do these cracks form? What’s the maximum length the crack can be? Do these cracks affect the slope stability? 43 

Although landslide laboratory tests have been carried out to answer some of them (Tang et al., 2019), some data 44 

cannot be easily acquired from the laboratory tests, limiting exploring these questions. Questions such as why 45 
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the depth of a crack cannot develop downward without limitation are still unexplained. Knowing the answer of 46 

these questions is important for comprehending landslide behavior as well as the landslide prevention. 47 

Numerical simulation can help researchers obtain extra data, which is not available in laboratory tests. 48 

Nowadays, the most common methods to evaluate slope stability with cracks are the limit equilibrium method 49 

(LEM) (Bishop 1973; Seed et al., 1990; Koerner and Soon, 2000) and finite element method (FEM) (Griffiths 50 

and Lane., 1999; Qu et al., 2009; Bao et al., 2019; Lei et al., 2021). In addition, some new methods such as 51 

discrete element method (DEM) (Zhou et al., 2009; Bao et al., 2020), smoothed particle hydrodynamics (SPH) 52 

(Li et al., 2019; Ray et al., 2019), and material point method (MPM) (Liu et al., 2019; Conte et al., 2019) have 53 

been developed for analyzing slope stability as well as the post-failure movement. The analysis of slope stability 54 

using these new methods mainly depends on the strength reduction technique, and they have advantages for the 55 

analysis of large-deformation issues. However, these methods still have some limitations in stability analysis. 56 

In the DEM, the behavior of the material depends on the interactions between particles. It’s difficult to measure 57 

some of microscopic parameters between particles, and there is no strong theory to illustrate relationship 58 

between the magnitude of macroscopic and microscopic parameters. Thus, it is very time-consuming to 59 

determine proper parameters, especially in the strength reduction progress. The SPH and MPM are also time-60 

consuming compared to LEM and FEM. The computation accuracy of SPH as well as MPM is lower than FEM 61 

in the small deformation process before slope failure. And although these new methods can be used for slope 62 

stability analysis in theory, they lack large amounts of engineering validation compared to LEM and FEM, 63 

especially in the case involving cracks. As for the LEM, it is a classical method which has been used for the 64 

slope stability analysis involving cracks (Michalowski 2012; Michalowski 2013; Tang et al., 2019). However, 65 

there are many limitations in the LEM to analyze a problem with cracks. Cracks in the LEM can only be used 66 

for the calculation of factor of safety (FOS). Cracks need to be pre-set in the model, and cannot be updated with 67 
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calculations. And slope deformation cannot be shown in the LEM. FEM can overcome these shortcomings in 68 

the LEM, which makes it a better choose for slope stability analysis involving cracks.  69 

The conventional FEM (CFEM) is difficult to be used to simulate discontinuous elements such as cracks 70 

due to meshing limitation. To overcome the shortcomings of CFEM in the discontinuous analysis, some theories 71 

including the efficient remeshing techniques (Areias et al., 2013; 2015), the numerical manifold method (Shi 72 

1991; Ma et al., 2009), and the extended FEM (XFEM) (Moës et al., 1999) are proposed. Most of the methods 73 

modelling crack propagation by FEM heavily depend on the mesh alignment (Rabczuk and Ren, 2017), but the 74 

XFEM can avoid the problem. In XFEM, special functions and element segmentation method are used to fuse 75 

to solve the solution of finite element approximation. And the level set method is used to show the geometry 76 

and extension process of the discontinuous interface. Different from the CFEM, XFEM no longer has strict 77 

requirements on the accuracy and repetition of the network, and has no specific restrictions on the crack front 78 

and growth path. And XFEM has high computational efficiency. Therefore, this method has been widely applied 79 

in fracture mechanics and engineering (Sanborn and Jean H, 2011; Wang et al., 2015; Zhou and Chen, 2019).  80 

In this study, to investigate the role of crown cracks in soil slope, XFEM based on ABAQUS software was 81 

used for the simulation of tensile behavior in soil. The authors set a series of numerical simulation to explore 82 

the formation of crown cracks and the effect of a tensile crack on soil slope stability. Factors, including the 83 

position, strength, and depth of cracks were considered for sensitivity analysis, and combined with stress 84 

analysis, some interesting phenomena were found with conclusions made. 85 
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 86 

Methodology  87 

XFEM  88 

 The extended element method (XFEM) is an improvement on FEM for the research of discontinuous 89 

processes, such as cracks. It is proposed by the Ted Belytschko team (Moës et al., 1999). In the XFEM, a special 90 

enrichment function is used for the discontinuity. When the enrichment function is applied to crack analysis, it 91 

can well fit the asymptotic function of the tip, and has a good expression for the displacement jump on the crack 92 

surface. The standard extended finite element approximate equivalent equation of u function in ABAQUS:  93 

∑ 𝑁𝐼(𝑥)[𝑢𝐼 + 𝐻(𝑥)𝑎𝐼 + ∑ 𝐹𝛼(𝑥)𝑏𝐼𝛼4𝛼=1 ]𝑁𝐼=1   (1) 94 

In equation (1), 𝑁𝐼(x) is the normal shape function of the node. The first term on the right of the equal 95 

sign is available for all nodes, and it is related to the continuous part of finite element. The definition of 𝑢𝐼 is 96 

the displacement vector of the normal node. The second term applies to particular nodes, such as a shape 97 

(a) (b)

(c)

(a)

Crack

(d)

Slope crest

Fig. 1. Crown cracks appear in some soil slopes. (a) A potential landslide with obvious deformation in Jilin 
province in 2016, (b) a potential landslide in a waste dump in Sichuan province in 2016, (c) a potential 
landslide with obvious deformation in Jilin province in 2015, and (d) a potential landslide in Liaoning 
province in 2019. Red Arrows denote to the direction of slides. 
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function that supports a node cut inside a crack. The term is the product of nodal enriched degree of freedom 98 

vector 𝑎𝐼 , and H(x) denotes to the jump function across the discontinuous interface. The third term is the most 99 

limited, only for the shape function supporting the node cut off by the crack tip. The term is the product of nodal 100 

enriched degree of freedom vector 𝑏𝐼𝛼. 𝐹𝛼(x) describes the elastic asymptotic properties of the crack tip. The 101 

jump function 𝐻(𝑥) is described as follows. 102 

𝐻(𝑥) = { 1     𝑖𝑓(𝑥 − 𝑥∗). 𝑛 ≥ 0,−1     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                (2) 103 

Where, x represents the sampling point; 𝑥∗ represents the point with the shortest distance from x on the crack; 104 

n represents the unit vector of the crack outward normal at  𝑥∗. 105 

Fig. 2a shows the asymptotic function of crack tip in isotropic elastic material, and the formula is: 106 

𝐹𝛼(𝑥) = [√𝑟𝑠𝑖𝑛 𝜃2 , √𝑟𝑐𝑜𝑠 𝜃2 , √𝑟𝑠𝑖𝑛𝜃𝑠𝑖𝑛 𝜃2 , √𝑟𝑠𝑖𝑛𝜃𝑐𝑜𝑠 𝜃2]  (3) 107 

In equation (3), (𝑟, 𝜃) is polar coordinate representation, whose physical meaning is that the origin is at the 108 

crack tip.  109 

The node subset 𝐼∗  is the set of all nodes of elements cut by discontinuities. The global enrichment 110 

function can only work in those elements whose nodes are all in the subset, 𝐼∗. The level set function is a scalar 111 

function whose zero-level represents discontinuity. The level-set function 𝜙(𝑥) which is described as follows 112 

determines whether an element is cut by discontinuities. 113 

cut element: min(𝜙𝑖) max(𝜙𝑖) < 0 (𝑖 ∈ 𝐼𝑒𝑙)  (4) 114 

uncut element: min(𝜙𝑖) max(𝜙𝑖) > 0 (𝑖 ∈ 𝐼𝑒𝑙)  (5) 115 

𝜙(𝑥) = ± 𝑚𝑖𝑛∀𝑥Γ∈Γ  ‖𝑥 − 𝑥Γ‖,  ∀𝑥∈ Ω  (6) 116 

In the above equation 𝐼𝑒𝑙  represents the set of element nodes. 117 

The domain Ω is divided by the discontinuity into ΩP
+ and ΩP

, and the level set function can be positive 118 

or negative on either side of the discontinuity, respectively. In the domain Ω, the phantom node is used to 119 
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describe the cracked behavior, and the node is initially superimposed on the real node before element separation. 120 

When there is no crack in elements, the phantom node corresponds to real nodes with completely constraint. If 121 

the element is divided by the discontinuity into two parts, corresponding phantom nodes and  real nodes will 122 

separate, and no longer be tied together (Fig.2b). They are then interpolated by standard finite element shape 123 

functions: 124 

𝜙ℎ(𝑥) = ∑ 𝑁𝑖(𝑥) ∙ 𝜙𝑖𝑖∈𝐼   (7) 125 

where ℎ is the number of interpolated elements. 126 

127 

Tensile strength of soil  128 

Tensile cracks are generated by soil stretching (Fig. 3a), and Fig.3b shows a typical stress-displace curve 129 

of the tension process. Previous studies on tensile test for soil (Hadas and Lennard, 1988) show that a tensile 130 

crack forms when the tensile stress (𝜎t) reaches the tensile strength (𝑓t). Before 𝜎t reaches 𝑓t, the 𝜎t constantly 131 

increases with tensile displacement (△ 𝑙 ) (AB segment in Fig. 3b). In this stage, the tensile displacement 132 

Fig. 2. Principles of the extended element method. (a) Sketch of a discontinuous element in the XFEM, (b) 
illustration of phantom node method. 

(a) (b) 
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consists of elastic–plastic deformation of soil (△ 𝑙1 +△ 𝑙3 in Fig. 3a). When 𝜎t reaches 𝑓t (point B in Fig. 3b), 133 

the soil is damaged and a crack forms. The start of damage leads to stress accumulation at the damaged part. 134 

And then, the accumulated stress is continuously released along the crack, causing crack propagation and 135 

opening. In this stage, 𝜎 t decreases with the increase in △ 𝑙  (BC segment in Fig. 3b), and the tensile 136 

deformation mainly consists of a crack opening, until the crack opening reaches the maximum value (△ 𝑙2 in 137 

Fig. 3a). Finally, the soil body is completely separated (point C in Fig. 3b).  138 

 139 

ABAQUS has several traction separation laws for material damage, and the maximum principal stress 140 

failure criterion (MAXPS) can be applied to the crack evolution of soil according to the above analysis. In the 141 

MAXPS criterion, no crack is generated until the maximum principal stress reaches a certain value; therefore, 142 

the value can be set as 𝜎t for the soil. The criterion of MAXPS can be expressed as follows: 143 

𝑓 ={<𝜎𝑚𝑎𝑥>𝜎𝑚𝑎𝑥𝑜 }, < 𝜎𝑚𝑎𝑥 >= { 0, 𝜎𝑚𝑎𝑥 < 0𝜎max  , 𝜎𝑚𝑎𝑥 ≥ 0   (8) 144 

where 𝜎𝑚𝑎𝑥𝑜  is the maximum allowed principle stress, determined from the tensile strength of soil. Damage is 145 

initiated after the maximum principle stress reaches 𝜎𝑚𝑎𝑥𝑜 .  146 

The crack expands in the direction perpendicular to the maximum principal stress after the initial damage, 147 

Fig. 3. Mechanical characteristics of the tensile crack of soil. (a) A sketch of tensile failure of materials, (b) 
an example of tensile stress–displacement curve of soil (modified from Tamrakar et al., 2005). 

△ 𝑙 

𝑓t 

𝜎t 

A 

B 

C D 𝜎m 

P 

P 

Crack zone 𝑙 
𝑙1+△ 𝑙1 △ 𝑙2 
𝑙3+△ 𝑙3 

(a)  (b)  



9 

 

and the evolution of an existing crack depends on the softening stage of the soil (BC segment in Fig. 3b). 148 

ABAQUS has two types of ways to define the softening stage: defining the maximum crack opening or fracture 149 

energy. When ignoring the plastic deformation during the cracking stage, the maximum crack opening can be 150 

considered as the length of DC segment, whereas the fracture energy can be considered as the area of DBC 151 

siege per length of material. The shape of softening phase curve (BC segment) can be specified by determining 152 

the form of index or discrete point data.  153 

The composition of a soil slope usually includes clay, silt, sand, and gravel, considered as soil aggregates. 154 

To determine tensile parameters of soil aggregates, the authors studied some literature about tensile strength 155 

(Causarano et al., 1993; Hadas and Lennard, 1988; Munkholm et al., 2002; Tamrakar et al., 2005; Zhang et al., 156 

2006) and found that their tensile strength usually ranges from several kilopascal to tens of kilopascal for soil 157 

aggregates (Table 1). Many factors such as density, water content, composition, and porosity affect the tensile 158 

properties of soils. In this paper, the authors used the stress–strain curve reported in Tamrakar’s research 159 

(Tamrakar et al., 2005) as a typical stress–strain curve (Fig. 3b) and applied it to all the simulation where damage 160 

evolution was attenuated in a quadratic form.  161 

Table 1. A brief summary for tensile strength of soil aggregates 

Material Composition 
Density 

(kg/m3) 

Water 

content 
(%) 

particle 

diameter 
(mm) 

Tensile strength 

(kPa) 

Maximum crack 

opening (mm) 
references 

Soil 

aggregates 

Clay-sand 

mixtures 
1440 10 0.001-1 9 0.2 

Tamrakar et 

al., 2005 

Sandy loam 
1410-

1570 
30 2-16 

2.0-

3.2(compacted) 

10-15(non-

compacted) 

 
Munkholm et 

al., 2002 

Sandy loam \ 5-20 \ 10-25  
Causarano et 

al., 1993 

Compacted 

gravel soil 

1900-

2200 
16.3-19.3 \ 30-80  

Zhang et al., 

2006 

Fine sand 
2100-

2200 
3-35 0.01-1 0.26-1.2 0.02 Cai et al., 2017 
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Model validation 162 

 To evaluate whether XFEM can well analyze the behavior of tensile crack in soil, a numerical tensile test 163 

was performed to calibrate it. The tensile test is referred from Tamrakar’s study (Tamrakar et al., 2005). In the 164 

test, a compacted clay–sand mixture specimen was stretched using a steel tensile mold at a steady velocity (Fig. 165 

4a). The physical parameters of material were obtained from the research, whereas the damage parameters of 166 

soil were obtained from the stress–displacement curve (𝜎𝑚𝑎𝑥𝑜  = 10 kPa, the maximum crack = 0.2 mm). The 167 

results show the progress in crack propagation generated by stretching, and the final figure of crack in the 168 

simulation is consistent with the laboratory test (Fig. 4b-e), indicating that XFEM can well simulate the tensile 169 

cracks in soil. 170 
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 171 

Results and discussion  172 

Slope stability analysis 173 

In this section, a two-dimensional (2D) slope model was used to evaluate whether XFEM can evaluate 174 

the slope stability with cracks. The model is a classic slope model with a toe angle of 45°, which has been 175 

widely used for the validation of slope stability (Bhandari et al., 2016; Wu et al., 2017). Its specific dimensions 176 

and boundary conditions are shown in Fig. 5a. Mechanical parameters of the soil were taken as γ (density) = 177 

2000 kg/m3, φ (internal angle of friction) = 34°, c (cohesion) = 10 kPa, u (Poisson’s ratio) = 0.27, E (elasticity 178 

Fig. 4. Comparison result of real and simulation tensile tests. (a)–(d) Propagation of crack during the 
stretching based on the stress result, (e) tensile test in Tamrakar’s study (Tamrakar et al., 2005). 

(b)  

(c)  (d)  

(a)  

Soil specimen  

Mold  

V=0.35 mm/min 

Crack propagation 

(e)  

Crack  

V=0.35 mm/min 

T=0.013s 

T=0.025s T=0.05s 
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modulus) = 40 MPa from Bao’s literature of soil aggregates (Bao et al., 2019a); the tensile stress–strain curve 179 

was adopted from Tamrakar’s research and corresponding damage parameters of the soil were taken a relative 180 

small value as 𝜎𝑚𝑎𝑥𝑜 = 1 kPa and the maximum crack opening = 0.02 mm. The stability of slope without XFEM 181 

element and the slope using XFEM with an internal crack were calculated. 182 

In the simulation, the failure of slope relied on the strength reduction technique (Matsui and San, 1992) 183 

and the strength reduction factor (SRF), which have been widely applied to determine the potential slip surface 184 

of a slope (Niant et al., 2012; Jiang et al., 2015; Bao et al., 2020). The phenomenon that plastic zone extends 185 

from the toe to the upper of the slope was treated as the signal of failure (Shen and Karakus, 2014). Failure 186 

criterion of the Mohr–Coulomb strength criterion was adopted for the material.  187 

Figs. 5b–e show the results of stability analysis. After the strength reduction, the plastic strain zone expands 188 

from the slope toe to upper. When plastic deformation reaches the position of internal crack, stress is transmitted 189 

along the crack to the crack tip and causes stress accumulation. Stress at the tip of crack constantly increases 190 

until it reaches the value of 𝜎𝑚𝑎𝑥𝑜  (1 kPa), causing crack propagation to the upper of slope. The FOS of slope 191 

without crack is 1.298, whereas the FOS of slope with an internal crack is 1.281. From this simple case, it can 192 

be considered that the cracks in the slope might affect the shape of potential slip surface and even the value of 193 

FOS. In the following sections, we discuss several factors, including the position, strength, and depth of cracks 194 

that might affect the stability of slope based on the above model.  195 
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 196 

Sensitivity analysis 197 

Fig. 6 shows the strength reduction of a slope without a pre-existing crack element when 𝜎𝑚𝑎𝑥𝑜  is equal 198 

to 5 kPa. The simulation result is consistent with the field investigation of most soil landslides. After strength 199 

reduction, the slope is deformed towards the free surface with slope toe swelling (Fig.6a). Then a part of the 200 

soil at the upper of slope gradually changes from compressive stress state to tensile stress state (Fig. 6d). When 201 

the maximum tensile principal stress in the tension zone reaches the damage condition, damage starts (Figs. 6e 202 

and f). The crack is formed at the slope crown, and the soils present on both sides of the crack have an obvious 203 

Fig. 5. Results of stability analysis. (a) Dimensions of the slope model, (b) and (d) magnitude of the plastic 
strain, (c) and (e) magnitude of the total displacement.  

(a) 

(b) (c) 

(d) (e) 

25m 

45° 

15m 

Pre-existing crack 

Length= 5m 
10m 

Slope without a crack 

Slope with a crack 

Crack propagation 

FOS=1.298 

FOS=1.281 

Slip surface 
Slip surface 

Slip surface Slip surface 
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vertical displacement difference when the slip surface is completely penetrated (Figs. 6g and h). This shows a 204 

typical failure mode of soil slopes in nature and proves that the crown crack is a signal of metastability.  205 

 206 

It’s worth noting that the tensile crack appears and completely opens at the slope crown before the slip 207 

surface is penetrated (Fig. 6e and f). This means the length of shearing path of the slip surface is shorter than 208 

the entire length of slip surface, because the crack occupies a certain length of the slip surface. If a model does 209 

not consider tension effect or tensile cracks (e.g.: the conventional LEM assumes that the entire slip surface is 210 

generated by shear effect), the FOS calculated will be slightly larger than the real value. In the FEM simulation 211 

SRF=1.000 SRF=1.000

SRF=1.285 SRF=1.285

SRF=1.286 SRF=1.286

SRF=1.295 SRF=1.295

Discontinuous 

displacement

SRF=1.000

Initial state after strength reduction

Tensile zone appearing

Tensile crack appearing

Penetrated slip surface

Displacement contour

Fig. 6. Propagation of a tensile crack in a soil slope failure. (a), (c), (e), and (g) incorporate the contour map 
of plastic strain magnitude; (b), (d), (f), and (h) incorporate the contour map of maximum principal stress.  

 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 



15 

 

of our case, the FOS of the slope is 1.298 when the plastic zone is completely penetrated without the XFEM 212 

element, while the FOS is 1.295 when the plastic zone extends to the bottom of the tension crack with the 213 

XFEM element.  214 

In addition, the authors found the damage parameters of soil affect crack generation (Fig. 7). When the 215 

value of 𝜎𝑚𝑎𝑥𝑜  is less than 4 kPa, the crack forms inside the potential failure mass (Figs. 7a and c), and the 216 

displacement of soil on both sides of crack is continuous at the time of slope failure (Figs. 7b and d). When the 217 

value of 𝜎𝑚𝑎𝑥𝑜  is more than 7.5 kPa, no crack is generated at the time of slope failure (Figs. 7g and h). Both 218 

the situations are not consistent with field investigation and common sense, and seldom occur in reality (Tang 219 

et al., 2019); thus, they are considered unreasonable. Only when the value of 𝜎𝑚𝑎𝑥𝑜  ranges from 4 kPa to 7.5 220 

kPa, the simulation results such as Fig. 7e and Fig. 7f are consistent with the landslide field study. This 221 

phenomenon can be attributed to soil strength. Bonds and friction exist between soil particles. They are 222 

expressed as internal friction and cohesion in shearing, whereas they are expressed as tensile strength in tension. 223 

Therefore, the tensile strength of soil is not completely independent of other strength parameters such as shear 224 

strength. In the simulation, the value of cohesion is taken as 10 kPa while the internal friction is taken as 34°, 225 

indicating that 𝜎𝑚𝑎𝑥𝑜  is a moderate value which is not too small or large. In other words, the tensile strength of 226 

field soil in the scale of 4 kPa to 7.5 kPa is also moderate and appropriate. Although the relationship between 227 

shear and tensile strength of soil requires more study, this speculation is supported by the results of numerical 228 

simulation. This provides a new calibration idea to roughly estimate the tensile strength of soil, especially for 229 

the field test which is difficult to conduct in a laboratory.  230 
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 231 

Besides the crown cracks, other types of tensile cracks generated by cycles of wetting and drying (Konrad 232 

and Ayad, 1997), weathering (Hales and Roering, 2007), and desiccation (Peron et al., 2009) usually appear in 233 

a slope. To explore whether tensile cracks affect stability of slope, six groups of numerical tests were set for 234 

various situations, including the crack is located at the position of trailing edge, inside the potential failure zone, 235 

and out of the potential failure zone (Fig.8). Considering that the strength of damage parameters might affect 236 

the outcome, five groups of strength data that represent the very low, low, medium, high, and very high tensile 237 

𝜎𝑚𝑎𝑥𝑜 =0.5 kPa 𝜎𝑚𝑎𝑥𝑜 = 0.5 kPa

𝜎𝑚𝑎𝑥𝑜 =3 kPa 𝜎𝑚𝑎𝑥𝑜 =3 kPa

𝜎𝑚𝑎𝑥𝑜 =5 kPa 𝜎𝑚𝑎𝑥𝑜 = 5 kPa

𝜎𝑚𝑎𝑥𝑜 =7.5 kPa 𝜎𝑚𝑎𝑥𝑜 =7.5 kPa

Fig. 7. Morphology of tensile crack at the time of a slope failure under different soil damage strengths. (a), 
(c), (e), and (g) the magnitude of plastic strain; (b), (d), (f), and (h) the magnitude of total displacement. 
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strength were used in the computation. 𝜎𝑚𝑎𝑥𝑜  was taken as 0.5, 2, 5, 20, and 50 kPa, and the corresponding 238 

maximum crack opening was taken as 0.01, 0.04, 0.1, 0.4, and 1 mm, respectively, according to Fig.3b. Fig.9a-239 

f show the contour map of stress magnitude corresponding to Fig8a-f. 240 

Fig. 8a shows the situation of a slope with a crack at the slope crown. The results show that the crack at 241 

the slope crown hardly affects the stability of slope regardless of the strength of crack. This is probably because 242 

the length of soil that can be sheared is very short at the slope crown, or the pre-existing penetrating crack 243 

releases the accumulated stress and strain to the ground surface. Fig. 8b shows the situation of a slope with a 244 

crack outside the potential failure zone. The results show that it is difficult for the tensile crack to affect the 245 

stability of slope regardless of the length of crack and tensile strength of soil. Fig. 8c shows the situation of a 246 

slope with a crack inside the potential failure zone. The results show that when the crack is very short and leaves 247 

some distance to the potential plastic zone, it does not affect slope failure. When the crack is short but located 248 

at the position of the potential plastic zone (Fig. 8d), it still generally does not affect the slope stability regardless 249 

of the tensile strength of soil. This is because shearing is the mainly effect at this part of the slip surface, and 250 

the phenomenon indicates this part of slope is at the compressive state. Fig. 8e shows a tensile crack with 251 

relatively small damage parameters (𝜎𝑚𝑎𝑥𝑜  = 2 kPa) that is at the upper part of potential slip surface. Compared 252 

to Fig. 8d, the crack can be stretched to propagate to the ground surface after strength reduction. This is probably 253 

because one tip of the crack is located at the tension zone (referring to Fig. 6h), changing the shape of original 254 

slip surface and FOS in a smaller scale. One tip of the crack transmits stress, whereas the other tip accumulates 255 

stress during strength reduction, and it determines the direction of propagation. When the crack propagates to 256 

the ground surface, the accumulated stress is completely released (Fig. 9e). When the damage parameter 257 

(𝜎𝑚𝑎𝑥 𝑜 = 50 kPa) is larger than the maximum tensile principal stress (13 kPa), the crack is not stretched, and the 258 

potential slip surface does not change. Fig. 8f shows when a crack is much longer than the depth of original slip 259 
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surface, the presence of a crack causes stress redistribution after strength reduction, thus completely changing 260 

the original stress state and original potential slip surface (Fig. 9f).  261 

Above all, the existence of cracks will cause discontinuities in stress (Fig.9). A crack completely buried 262 

underground will transmit stress on one tip, and accumulates stress on the other tip. If one tip of a crack 263 

propagates to the ground surface, all the accumulated stress will be released. Whether the tensile crack is pulled 264 

apart or not depends on the maximum tensile stress. According to the simulation, except the tension zone located 265 

on the upper of slope, the slope is generally at a compressive state, and it is difficult for a short-medium tensile 266 

crack in the compressive zone to change the original stability. Only a long tensile crack passed through the 267 

plastic zone, indicating that a large scale of stress redistribution will change the original stability. 268 

 269 

Fig. 8. Sensitivity analysis for crack propagation in different conditions based on the contour map of plastic 
strain magnitude.  
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 270 

To determine the stress variation in slope from the initial deformation to failure, six nodes at different parts 271 

of the slope were set to monitor the corresponding information (Fig. 10a). The maximum principal stress, 272 

normal stress in the horizontal direction (s11), normal stress in the vertical direction (s22), and shear stress (s12) 273 

were recorded. Fig. 10b shows when SRF is less than 1.25, the maximum principal stress is less than zero, and 274 

the variation is very small with the increase in SRF value. In this scale of SRF, the slope is at a compressive 275 

state, and no tensile crack is generated. When SRF is larger than 1.25, the maximum principal stress of the upper 276 

of slope increases to a value of 10 kPa, generating tensile cracks at the slope crown. Fig. 10c shows the 277 

variation in S11 during the entire process. By comparing with Fig. 10b, it was observed that the direction of the 278 

maximum principal stress is generally in the horizontal direction, leading to vertical cracks. Fig. 10d shows that 279 
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Fig. 9. Sensitivity analysis for crack propagation in different conditions based on the contour map of stress 
magnitude.  
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the slope of S22 is always less than zero owing to the presence of gravity and positively correlates with buried 280 

depth. Fig. 10e shows that the shear stress continuously increases around the zone of slip surface because the 281 

slip surface is mainly formed by the shear damage of soil. The stress state in slope illustrates the formation of 282 

crown cracks, and why most cracks in Fig. 8 cannot affect the slope stability.  283 

284 

Conclusions 285 

This study aimed to illustrate the formation of crown cracks in a cohesive soil slope, and evaluate the effect 286 

of a tensile crack on slope stability using XFEM. The work is based on a numerical slope model with a toe angle 287 

of 45° and cohesion of 10 kPa. Tensile cracks with different damage parameters or lengths are set at different 288 
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positions in a slope model to achieve the goal. Some conclusions are drawn from the simulation. 289 

1). The MAXPS based on XFEM well simulates the tensile behavior of soil. The XFEM model can 290 

automatically search the position of cracks according to the stress field, avoiding pre-existing cracks in LEM, 291 

and in the XFEM model the crack can develop with the computation. The FOS of the slope considering tensile 292 

cracks is slightly smaller than the FOS of the slope without considering tensile cracks.   293 

2). When the potential slip surface starts to penetrate, a tensile crack appears at the slope crown while 294 

swelling occurs at the foot of the slope. The phenomenon can be considered as a signal of metastability of soil 295 

slope before complete failure.   296 

3). The initial stress state of a slope is at a compressive state. With slope deformation, the tension zone 297 

appears on the upper of slope when the potential slip surface starts to penetrate. The stress field illustrates the 298 

question in Tang’s literature (Tang et al., 2019) why the depth of a crack cannot develop downward without 299 

limitation. 300 

4). Most of the tensile cracks in slopes hardly affect the slope stability. This is because of the compressive 301 

stress state existing in most part of the slope. However, there are still two kinds of tensile cracks can affect 302 

original slip surface or slope stability, cracks located in the tension zone or cracks passing through the potential 303 

plastic zone with a long length. 304 

5). During crack propagation, one tip of the crack transmits stress, and the other tip accumulates stress and 305 

strain. The direction of propagation is from the transmitted tip to the accumulated tip, and accumulated stress 306 

is released when the crack propagates to the ground surface.  307 

These conclusions can guide the practical engineering in some aspects. For example, it is difficult to 308 

determine the tensile strength of soil slopes. However, researchers can obtain the tensile parameters of soil by 309 

calibrated the position of crown cracks based on the numerical simulation of slope stability. And researchers 310 
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can evaluate the extent of slope deformation by comparing the depth of crown cracks or the depth of drop heads 311 

between the actual slope and numerical model.  312 

It is noted that the slope model in the case has a toe angle of 45° and cohesion of 10kPa, representing one 313 

type of soil slide (Fig.1). If a slope is mainly composed of sand, with lower cohesion or tensile strength, or has 314 

steeper angle, it’s more prone to collapse (Tang et al., 2019). And above conclusions are based on the condition 315 

that seepage in cracks is not considered. Actually, water easily penetrates into the crack (Chen et al., 2019), 316 

causing crack propagation (Zhou et al., 2009), and even lead to the landslide (Zhang et al., 2012). In addition, 317 

water seepage along the crack will cause an increase in pore water pressure in the lower soil and produce 318 

lubrication, thus macroscopically demonstrating that the shear strength in lower soil is reduced. How to consider 319 

these complex interactions and behavior in a numerical model is still a difficult and challenging work.  320 
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Lists of figures 463 

Fig. 1. Crown cracks appear in some soil slopes. (a) A potential landslide with obvious deformation in Jilin 464 

province in 2016, (b) a potential landslide in a waste dump in Sichuan province in 2016, (c) a potential landslide 465 

with obvious deformation in Jilin province in 2015, and (d) a potential landslide in Liaoning province in 2019. 466 

Red Arrows denote to the direction of slides. 467 

Fig. 2. Principles of the extended element method. (a) Sketch of a discontinuous element in the XFEM, (b) 468 

illustration of phantom node method. 469 

Fig. 3. Mechanical characteristics of the tensile crack of soil. (a) A sketch of tensile failure of materials, (b) an 470 

example of tensile stress–displacement curve of soil (modified from Tamrakar et al., 2005). 471 

Fig. 4. Comparison result of real and simulation tensile tests. (a)–(d) Propagation of crack during the stretching 472 

based on the stress result, (e) tensile test in Tamrakar’s study (Tamrakar et al., 2005). 473 

Fig. 5. Results of stability analysis. (a) Dimensions of the slope model, (b) and (d) magnitude of the plastic 474 

strain, (c) and (e) magnitude of the total displacement.  475 

Fig. 6. Propagation of a tensile crack in a soil slope failure. (a), (c), (e), and (g) incorporate the contour map of 476 

plastic strain magnitude; (b), (d), (f), and (h) incorporate the contour map of maximum principal stress. 477 

Fig. 7. Morphology of tensile crack at the time of a slope failure under different soil damage strengths. (a), (c), 478 

(e), and (g) the magnitude of plastic strain; (b), (d), (f), and (h) the magnitude of total displacement. 479 

Fig. 8. Sensitivity analysis for crack propagation in different conditions based on the contour map of plastic 480 

strain magnitude.  481 

Fig. 9. Sensitivity analysis for crack propagation in different conditions based on the contour map of stress 482 

magnitude.  483 

Fig. 10. Stress variation at different positions of slope. (a) Monitoring location of the model, (b) maximum 484 
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principal stress of the monitoring nodes, (c) S11 of the monitoring nodes, (d) S22 of the monitoring nodes, 485 

and (e) S12 of the monitoring nodes. 486 

Lists of tables 487 

Table.1  A brief summary for tensile strength of soil aggregates 488 



Figures

Figure 1

Crown cracks appear in some soil slopes. (a) A potential landslide with obvious deformation in Jilin
province in 2016, (b) a potential landslide in a waste dump in Sichuan province in 2016, (c) a potential
landslide with obvious deformation in Jilin province in 2015, and (d) a potential landslide in Liaoning
province in 2019. Red Arrows denote to the direction of slides.

Figure 2



Principles of the extended element method. (a) Sketch of a discontinuous element in the XFEM, (b)
illustration of phantom node method.

Figure 3

Mechanical characteristics of the tensile crack of soil. (a) A sketch of tensile failure of materials, (b) an
example of tensile stress–displacement curve of soil (modi�ed from Tamrakar et al., 2005).



Figure 4

Comparison result of real and simulation tensile tests. (a)–(d) Propagation of crack during the stretching
based on the stress result, (e) tensile test in Tamrakar’s study (Tamrakar et al., 2005).



Figure 5

Results of stability analysis. (a) Dimensions of the slope model, (b) and (d) magnitude of the plastic
strain, (c) and (e) magnitude of the total displacement.



Figure 6

Propagation of a tensile crack in a soil slope failure. (a), (c), (e), and (g) incorporate the contour map of
plastic strain magnitude; (b), (d), (f), and (h) incorporate the contour map of maximum principal stress.



Figure 7

Morphology of tensile crack at the time of a slope failure under different soil damage strengths. (a), (c),
(e), and (g) the magnitude of plastic strain; (b), (d), (f), and (h) the magnitude of total displacement.



Figure 8

Sensitivity analysis for crack propagation in different conditions based on the contour map of plastic
strain magnitude.



Figure 9

Sensitivity analysis for crack propagation in different conditions based on the contour map of stress
magnitude.



Figure 10

Stress variation at different positions of slope. (a) Monitoring location of the model, (b) maximum
principal stress of the monitoring nodes, (c) S11 of the monitoring nodes, (d) S22 of the monitoring
nodes, and (e) S12 of the monitoring nodes.
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