
Seismic Effect on Shear Band Development in Soil
Slope
Vijay Kumar  (  vijayk.phd20.ce@nitp.ac.in )

National Institute of Technology
Sunita Kumari 

National Institute of Technology

Research Article

Keywords: Seismic load, Soil Slope, Shear Band, Strain Localization, Plain Strain

Posted Date: April 22nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1546728/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1546728/v1
mailto:vijayk.phd20.ce@nitp.ac.in
https://doi.org/10.21203/rs.3.rs-1546728/v1
https://creativecommons.org/licenses/by/4.0/


SEISMIC EFFECT ON SHEAR BAND DEVELOPMENT IN SOIL 

SLOPE 
 

Vijay Kumar1, Sunita Kumari2  

1. Research Scholar, Department of Civil Engineering, National Institute of Technology, Patna, 

India. Email: vijayk.phd20.ce@nitp.ac.in  

2. Associate Professor, Department of Civil Engineering, National Institute of Technology, 

Patna, India 

 

Abstract 

The present study discusses the impact of seismic load on shear band development in soil slope 

is using finite element modeling considering plain strain condition. Large inelastic deformations 

are frequently accompanied with the formation of intense bands of localized shearing which 

results large strain plastic response. Shear band formation is considered as significant factor to 

understand failures in soil slope. The strain analysis has been performed considering maximum 

shear strain to investigate the shear deformation behavior of the slope of soil deposit. To simulate 

the strain localization, softening behavior and development of shear band, a Modified Cam-Clay 

(MCC) material model was implemented. It is found that none of the slopes are stable under 

seismic action, but the instability of different slopes with inclination varies. The slope with an 

inclination of 1:2.25 is relatively stable. The slope with an inclination of 1:2 has local failure, but 

not destroyed as a whole. The slope with an inclination of 1:1.75 has a complete formation of 

shear band along the slip surface. The slope is destroyed as a whole. Hence, both tension and 

strain localization causes deformation in slope. Displacement and acceleration response was 

found maximum at the crest of slope. 

Keywords: Seismic load, Soil Slope, Shear Band, Strain Localization, Plain Strain. 

 

Introduction  

The strain softening behavior of geotechnical material generally leads to progressive failure 

(Skempton, 1964; 1985; Mesri and Shahien, 2003; Conte et al., 2010; Locat et al., 2011). This 

type of failure occurs either in tension or localization of strain in soil mass. Further, it was 

studied that most of the geotechnical engineering problems occur either by the formation of 

narrow shear band or localization of large shear strain. The localized behavior and formation of 

shear band have been confirmed by a number of field observations and model tests (Burland et 
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al. 1977; Torabi, 2007; Wang and Zhang 2014; Zhang et al. 2015) as well as theoretical studies 

(Vardoulakis, 1996 and Sadrekarimi, 2009). Based on theoretical and laboratory considerations, 

it is found that shear band formation is most prominent in softening material.  Failure of a plane 

strain specimen always occurred along a well-defined shear zone. This phenomenon of shear 

zone and progressive failure are observed and analyzed with the application of various loads, 

such as seismic load (Cheney and Oskoorouchi 1982; Cooper et al. 1998; Thusyanthan et al. 

2005; Viswanadham and Rajesh 2009; Wang and Zhang 2014). Recently propagation of planar 

shear band via FEM (Zhang et al. 2019) and a framework for stability analysis of cut slopes 

in sensitive clays is established based on the criteria for catastrophic shear band propagation 

(Zhang and Wang 2020). 

Progressive failure leads to formation of shear band and it was studied for overconsolidated soil 

(Burland et al. 1977) as well as granular materials (Vardoulakis and Graf; 1985). It is observed 

that bifurcation and localization occurred before the peak shear resistance. The deformation in 

shear band depends on the material properties, boundary and geometrical conditions such as the 

shape and size of the specimen, and material constituents (Sulem and Vardoulakis; 1990). Study 

reveals that, slip surface forms exactly within the shear zone. Basically shear zone describes the 

concentration of shear deformation of the slope, which corresponded to the slippage failure of 

the slip surface. Thus, the failure process mechanism of the slope can be described by Fig. 1.  

 

Figure 1 Shear zones and slip surfaces of the slope (Zhang e. al., 2015) 

The numerical analysis of progressive failure have been studied using modifications in limit 

equilibrium methods (Tiande et al. 1999; Zhang and Wang 2010; Ahmed et al. 2012; Bai et al. 

2014). Further strain-softening behavior and strain localization have been analysed using finite 

element methods (Khoei and Bakhshiani 2005; Arslan and Sture 2008; Conte et al., 2010, 

Sanborn and Prevost 2011; Jiang and Murakami 2012) and finite difference method (Shiau et al. 

2011; Esmaeili et al., 2013; Hamdhan and Schweiger, 2013; Liu and Zhao, 2013; Isakov and 



Moryachkov, 2014). In most of the numerical analysis researchers have used different material 

models; boundary condition; and geometry of slopes. Potts et al., 1990, 1997 have used the 

elasto-plasticity model for simulating strain-softening during the analysis of the failure surface of 

a cohesive soil slope. Troncone (2005) used a finite-element program with a nonlocal elasto-

viscoplastic model to capture the progressive failure of a slope due to deep excavation. The 

results of the analysis show that a progressive failure occurred owing to deep excavations carried 

out at the toe of the slope. Three-dimensional numerical simulations of strain localization also 

have been performed using Cosserat continuum theory (Khoei et al., 2010). Zhang and Yun 

(2016) have explained the shear deformation localization of progressive failure of soil slopes 

using “shear element”. In the most of studies roller or viscous boundary condition is used. 

Impact of load on different inclination of slope change over the behavior of slope model has 

discussed by few researchers (Shinoda et al., 2015) 

Since shear band formation is an important factor in understanding failures in soil slope. Hence, 

thorough understanding of the progressive failure mechanism of slopes have been performed. 

However, previous studies were largely based on the analysis of stress field that cannot be fully 

captured in field or model tests. As a result, different types of assumptions had to be made to 

clarify the mechanism of failure process. Also there are still uncertainties regarding when shear 

bands start to propagate in soil mass.  

To analyze the progressive failure strain softening behavior needs to be considered during the 

numerical analysis. To consider the strain softening behavior Modified Cam-Clay model is one 

of the option. Very few researchers have considered this aspect of the study. In this paper 

concept of shear zone was used to describe the formation process of the slip surface (Zhang et al. 

2015) of a slope. The impacts of seismic load on soil slope have been studied to investigate the 

shear band development using Finite Element Method. To simulate the strain localization, 

softening behavior and development of shear band, a Modified Cam-Clay (MCC) material model 

was employed. The impact of the inclination of slope is also considered in this study, which is 

also not considered by other researchers in their studies. 

Statement of Problems  

In order to study the impact of seismic load on shear band development in soil slope, three 

different inclination of model size 115 m long, 50 m wide and 60 m tall has been considered 



(Fig. 2). Three models of different inclinations (Vertical: Horizontal) 1:1.75, 1:2 and 1:2.25 are 

set up. Vertical height of slope is assumed constant. Displacement and acceleration response at 

Toe of Slope (Node A), Mid of Slope (Node B) and at Crest of Slope (Node C) are considered.  

   

Figure 2 Slope model 

Input motion of Chamoli earthquake (1999) with peak ground acceleration (PGA) of 0.36g has 

applied on the base of Soil Slope to investigate the shear band development (Fig. 3). 

 

Figure 3 Chamoli (1999) earthquake acceleration-time history 

Modeling of Soil Slope 

A finite element model with 15 node triangular element in plain strain condition were used to 

find the localized shear strain in the slope and development of shear band (Fig. 4). Lysmer and 
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Kuhlemeyer (1969) boundary was applied at the side boundaries of model. Modified Cam-Clay 

(MCC) material model for soil was employed to observe the softening behavior in soil slope.  

 

Figure 4 FEM model of slope 

The material parameters which are essential to define MCC material model is shown in Table 1 

and geometrical properties of soil slope is shown in Table 2. 

Table 1. Material Behavior of Soil Slope 

Parameters of MCC Material Model 

Poisson’s ratio (ν)  0.3 

Swelling Index (κ) 0.05 

Compression Index (λ) 0.08 

Tangent on Critical State Line (M) 0.701 

Initial Void Ratio (e)  0.37 

Table 2. Soil Slope Parameters 

Properties of soil 

Dry density of Soil 19.6 kN/m3 

Damping in soil 15% 

Rayleigh damping 

Co-efficient α and β 
0.2805 & 0.1212 

Slope Inclination 1:1.75, 1:2 and 1:2.25 

 

Strain analysis was employed to investigate the deformation behavior of the slope using PLAXIS 

2D. The maximum shear strain was selected to describe the shear deformation of the slope. The 

eight node quadrilateral elements were used to find the maximum shear strain in the soil slope. 



The acceleration and displacement response at above discussed response points with three 

different inclinations are calculated. Before proceeding the analysis a brief introduction of MCC 

material model is discussed in below section. 

Yield Function of Modified Cam-Clay (MCC) Model 

Elasto-Plastic strain hardening/softening model can be analysed using critical state theory. Cam-

Clay (CC) and Modified Cam-Clay (MCC) models are based on the critical state theory. The 

basic assumption that there is a logarithmic relationship between the mean stress and the void 

ratio. Three important behavior of soil viz. strength, compression or dilatancy (the volume 

change that occurs with shearing), and Critical State at which soil elements can experience 

unlimited distortion without any changes in stress or volume are suitably analysed with CC and 

MCC models. 

The difference between the CC and the MCC is that the yield surface of the MCC is described by 

an ellipse and therefore the plastic strain increment vector (which is perpendicular to the yield 

surface) for the largest value of the mean effective stress is horizontal, and hence no incremental 

deviatoric plastic strain takes place for a change in mean effective stress (for purely hydrostatic 

states of stress). In critical state mechanics, the state of a soil sample is characterized by three 

parameters, mean stress, deviatoric stress, and specific volume. The specific volume υ is defined 

as  

υ = 1 + e      (1) 

Where, e is the void ratio. 

The models assume that when a soft soil sample is slowly compressed under isotropic stress 

conditions, and under perfectly drained conditions, the relationship between specific volume and 

mean stress consists of a straight virgin consolidation line or normal compression line and a set 

of straight swelling lines i.e. unloading-loading lines (Fig. 4).  

The virgin consolidation line in Figure 5 is defined by the equation 

υ = N – λ ln (-p)      (2) 

While the equation for a swelling line has the form 

υ = υs  –  κ ln (-p)      (3) 

The values λ, κ and N are characteristic properties of a particular soil.  

λ = slope of the normal compression (virgin consolidation) line on υ – ln p plane. 

κ = slope of swelling line.  



N = specific volume of normal compression line at unit pressure, and is dependent on the units of 

measurement.  

υs differs for each swelling line, and depends on the loading history of a soil. 

 

If the current state of a soil is on the virgin consolidation line the soil is described as being 

normally consolidated. If the stress state is below the line, it becomes overconsolidated. In 

general, soil does not exist outside the virgin consolidation line; when it does that state is 

unstable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 5 Typical behavior of clays in consolidation (Oedometer) test 

 

In the Modified Cam-Clay model, a logarithmic relation is assumed between void ratio e and the 

mean effective stress ‘p' in virgin isotropic compression, which can be formulated as: 

 e – e0  = - λ ln (p/p0)     (4) 

In which, λ is the Cam-Clay isotropic compression index.  
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It determines the compressibility of the material in primary loading. During unloading and 

reloading, a different line is followed, which can be formulated as: 

e – e0  = - κ ln (p/p0)     (5) 

The parameter κ is the Cam-Clay isotropic swelling index, which determines the compressibility 

of material in unloading and reloading. In fact, an infinite number of unloading and reloading 

lines exists in p' – e - plane each corresponding to a particular value of the preconsolidation 

stress pp. The yield function of the Modified Cam-Clay model is defined as: 𝑓 =  𝑞2𝑀2 + 𝑝′(𝑝′ − 𝑝𝑝)     (6) 

 

Figure 6 Yield surface of the mcc model in 𝑝' – 𝑞 - plane 

The yield surface (f = 0) represents an ellipse in p' – q - plane as indicated in Fig. 6. The yield 

surface is the boundary of the elastic stress states. Stress paths within this boundary only give 

elastic strain increments, whereas stress paths that tend to cross the boundary generally give both 

elastic and plastic strain increment 

In p’- q - plane, the top of the ellipse intersects a line that we can be written as: 

q = mp’      (7) 

This line is called the critical state line (CSL) and gives the relation between 𝑝' and 𝑞 in a state of 

failure (i.e. the critical state). The constant 𝑀 is the tangent of the critical state line and 

determines the extent to which the ultimate deviatoric stress, q depends on the mean effective 

stress, p. Hence, M can be regarded as a friction constant. Moreover, M determines the shape of 

the yield surface (height of the ellipse). 

In fact an infinite number of ellipses exist, each corresponding to a particular value of pp . The 

left hand side of the yield ellipse (often described as the 'dry side' of the critical state line) may 



be thought of as a failure surface. In this region plastic yielding is associated with softening, and 

therefore failure. The values of 𝑞 can become unrealistically large in this region. 

Sustained shearing of a soil sample eventually leads to a state in which further shearing can 

occur without any changes in stress or volume. This means that at this condition, known as the 

critical state, the soil distorts at constant state of stress with no volume change. This state is 

called the Critical State and characterized by the Critical State Line (CSL). In pq′− plane the 

CSL is a straight line passing through the origin with the slope equal to M, one of the 

characteristic of the material that is the main parameter in the definition of yield surface.  

The current state of a soil can be described by its stress state (p, q,), specific volume υ, and yield 

stress, pc (also known as preconsolidation pressure is a measure of the highest stress level the 

soil has ever experienced). The ratio of preconsolidation pressure to current pressure is known as 

the over-consolidation ratio (OCR). 

Hardening and Softening Behavior  

Plastic volumetric strain and compaction of material causing hardening of material which in 

results in reduction in void ratio and specific volume. Considering an increment of load from 

step n to n + 1 the expansion of the yield surface is defined by the increase in preconsolidation 

pressure.   

𝑝𝑐𝑛+1 =  𝑝𝑐𝑛+1exp (𝑣𝑛∆𝜀𝑣𝑝𝜆−𝜅 )     (8) 

 

If yielding occurs to the right of the point at which the CSL intersects a yield surface, hardening 

behavior, accompanied by compression, is exhibited. This side of the yield surface is known as 

the wet or subcritical side. 

If yielding occurs to the left of the intersection of the CSL and yield surface (called the dry or 

supercritical side), the soil material exhibits softening behavior, which is accompanied by 

dilatancy (increase in volume). In softening regimen the yield stress curve decreases after the 

stress state touches the initial envelope. 

Results and Discussion 



The behavior and development of shear band are analyzed for three different inclinations. To 

understand the development of the shear band results at four different steps i.e. immediate act of 

seismic load up to 1.5 sec, 1.5 sec to 2.5 sec, 2.5 sec to 5.9 sec and after the completion duration 

of earthquake considered. Displacement and acceleration response of soil slope for these 

inclinations are also presented here. 

Behavior and Development of Shear Band in Soil Slopes  

Fig. 7 shows the behavior of soil slope and development of shear band for inclination of 1:1.75.  

The deformation pattern between start of seismic load to end of seismic load in four steps are 

depicted here. Fig. 7(a) corresponds to immediate application of seismic load to 1.5 sec and it 

can be observe that the failure in slope is tension failure. Due to the tension, formation of slip 

surface near the crest of the slope takes place.  

Fig. 7(b) shows the strain localization initiate at toe of the slope after 1.5 sec in the slope mass. 

In case of strain softening behavior of soil, progressive failure starts to occur at toe of the slope 

and progress towards crest of slope. This result is compared and validated with Zhang et al. 

(2007).  

Fig. 7(c) shows the formation of shear band up to half of the height of slope and progressing 

towards the crest of slope. This is another significance of progressive failure in strain softening 

behavior. This formation of shear band is occurring at peak amplitude of seismic load. The deep 

yield zone is likely to observe near the crest of slope. The significance of deep yield zone is 

formation of tension failure at that zone. This was observe at the initiation of seismic load i.e. in 

first step.  

Fig. 7(d) shows the accumulation of strain is completely within the shear band. Complete 

mobilization of plastic strain in slope mass and formation of shear band along slope has also 

taken place. It can also be observed that the formation of shear band start from the toe to crest of 

slope. So we can say that the mobilization of plastic strain in softening material is a progressive 

phenomenon and it happens because of inertial effects. 



 

(a) Immediate application of seismic load upto 1.5 sec. 

duration 

 

(b) 1.5 sec. to 2.5 sec. duration 

 

(c) 2.5 sec. to 5.9 sec. 

 

(d) After completion of seismic load 

Figure 7 Behavior of the soil slope and development of shear band at various duration of times for 1:1.75 inclination 

Zhang et al. (2007) analysed the slope in FLAC3D using Non-Linear Mohr-Coulomb material 

model. At the very first step it was found that the progressive failure in softening type soil starts 

from the toe as shown in Fig. 8(a). The current study is illustrated in Fig. 8(b). It can be observed 

that the progressive failure in slope start from toe and progress towards crest of slope. It is 

validating the present model. From Figure 7 & 8 the strain localized within the slope mass and 

starts increasing from toe to crest of the slope.  

 

(a) At start of seismic load FLAC3D model 

(Zhang et al., 2007) 

 
(b) Initiation of Strain Localization and Shear Band 

(Current study) 

Figure 8 Validation of strain localization in progressive failure 



Fig. 9 and Fig.10 shows the behavior of soil slope and development of shear band for inclination 

of 1:2 and 1:2.25 respectively. It can be observed in both of the cases that the overall slope 

remain stable and strain localization takes place at toe (Fig. 9b, c and Fig 10 b,c). Fig. 9 d shows 

the formation of shear band near to the toe, but further propagation of the shear band was not 

taken place. Since the stress mobilized in this condition (Fig. 9 and 10) is lesser than the resisting 

stress, so deviation in the behavior of the slope is taking place. 

 

(a) Immediate application of seismic load upto 1.5 sec. 

duration 

 

(b) 1.5 sec. to 2.5 sec. duration 

(c) 2.5 sec. to 5.9 sec. 
 

(d) After completion of seismic load 

Figure 9 Behavior of the soil slope and development of shear band at various duration of times for 1:2 inclination 

 

 

 



(a) Immediate application of seismic load upto 1.5 sec. 

duration 

 

(b) 1.5 sec. to 2.5 sec. duration 

(c) 2.5 sec. to 5.9 sec (d) After completion of seismic load 

Figure 10 Behavior of the soil slope and development of shear band at various duration of times for 1:2.25 

inclination 

 

Effect of Inclination on soil slope response under seismic condition 

Response of slope for three different inclinations at three points Toe of Slope A, Mid of Slope B 

and Crest of Slope C have been observed. To describe the impact of seismic load at these points, 

peak ground acceleration amplification factor (Ω) and maximum displacement response is used. 

Peak ground acceleration amplification factor is the ratio between the peak acceleration (PGAo) 

at each point on the slope surface and the peak acceleration (PGAi) of seismic wave input from 

the bottom of model. Ω = 𝑃𝐺𝐴𝑜𝑃𝐺𝐴𝑖                       (1)  

PGA Amplification factor for slope 1:1.75, 1:2 and 1:2.25 have been obtained at above 

mentioned points. Response of slope at points A, B and C are plotted in Fig. 11. It can be 

observed that the peak ground acceleration amplification factor increases with increase in the 

slope (Fig. 11). This factor is also found minimum at the toe, while maximum at crest. Similar 



response is found for all slopes. But the coefficient is greater at crest (point C) for higher slope 

i.e. for slope 1:1.75.  

 

Figure 11Horizontal PGA Amplification factor for slope  

The maximum displacement response of slope is presented in Fig. 12. It can be observed that the 

displacement at point C i.e. the point at crest is higher for all slopes. With increase in the height 

of the point from the toe, displacement of the point is found increasing. It means under seismic 

load relative displacement exist between two different points of the slope. It can be further 

observed that with increase in the inclination of the slope displacement of the points on the 

surface of the slope (Point A, B, and C) increases. Here it can also be observed that at higher 

inclination of slope curve showing the displacement of point is not linear like at lower 

inclination. In case of higher inclination, displacement of point increases with increase in the 

height of the point from toe, but rate of increment of displacement decreases. In other words it 

can be said that tendency of relative displacement decreases at higher inclination of the slope. 



 
Figure 12 Horizontal Displacements for Slope  

Summary and Conclusions  

1. The continuous yield zone along the failure surface was not formed. It was observed that 

deep yield zone for slope inclination 1:1.75 and 1:2.25. Which causes the tension failure 

in the slope. 

2. It is also concluded that none of the slopes are stable under seismic action, but the 

instability of different slopes with inclination varies. The slope with an inclination of 

1:2.25 is relatively stable. The slope with an inclination of 1:2 has local failure, but not 

destroyed as a whole. 

3. The slope with an inclination of 1:1.75 has a complete formation of shear band along the 

slip surface. The slope is destroyed as a whole. 

4. Development of shear band occurred along the slope with application of seismic load but 

delay of complete development of shear band in slope due to inertial effects. 

5. Peak ground acceleration amplification factor increases with increase in the slope. 

6. In case of higher inclination, displacement of point increases with increase in the height 

of the point from toe, but rate of increment of displacement decreases. 
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