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Abstract. Most geotechnical structures failed by formation and development of shear bands in soils. Thus, 
shear deformation and shear bands development evaluation are necessary to understand shear failure 
mechanism. During shearing, deformation behaviour analysis for soil particles within entire soil specimen are 
evaluated to understand the soil behaviour and shear strength characteristics. In this paper, a series of plane 
strain compression tests using Nevada sand and Ottawa sand were conducted to identify the shear strain and 
shear failure mechanism. With the results of plane strain compression tests, image analyses using Particle 
Image Velocimetry (PIV) were carried out in order to measure the change in position of soil particles and 
shear bands development. Deformation vectors and contours were constructed to see the entire deformation 
mechanism in the soil specimen. During shearing, shear band was identified after peak stress and most visually 
distinctive at residual state. However, shear band started to develop invisibly immediately after starting 
loading and this invisible development was able to be observed by horizontal and vertical movement analyses 
of PIV. Soil particles moved actively in horizontal and vertical direction to generate shear band in the 
beginning of shearing. After development of shear band, soil particles moved along the shear band.

1 Introduction
Many researches which are about plane strain failure 
mechanism and shear bands have been carried out. 
However, they were limited to understand shear band 
formation by using grids on the membrane.  
Photogrammetric analysis method was used with the 
assumption that grid on the membrane moves with soil 
particle movement [1].  Using grid analysis, shear band 
formation and thickness of shear bands according to the 
soil types were studied. [2] carried out researches about 
shear band formation using X-ray method. In this 
research, shear bands were able to be seen very clearly. 
Thickness, and direction variation according to the void 
inside were observed using X-ray method. [3] conducted 
research about shear bands formation according to the 
grain size of sand using Digital Image Correlation (DIC). 
In their researches, the local displacement of soil particles 
was observed using image analysis technique. However, 
it was hard to analyze since they used grid on the 
membrane. Researchers were able to observe overall 
behavior of soil particle and shear bands formation from 
outside through grid deformation. Therefore, it has been 
reported that shear bands can be observed right after peak 
stress and become clear during residual stress state. In this 
paper, formation process of vertical and horizontal shear 
bands separately during plane strain compression was 
observed. 

1.1 Test preparation

Plane Strain Compression (PSC) tests were conducted 
using Ottawa sand and Nevada sand respectively. The 
properties of each sand are given below (Table1). 
Specimen was of size 160 mm(L)*80 mm(W)*200 
mm(H). It was enclosed with 0.3 mm of latex membrane 
and was saturated by freeze-thaw method.  93 kPa of 
confining pressure was applied from inside of specimen 
by suction force. As a reference points, 12 circular points 
were attached to the plate for PIV analysis (Figure 1). 
During shearing, specimens were confined by steel and 
acrylic plate to prevent deformation of sigma 2 direction 
(Figure 2). Grease was used on both plates in order to 
minimize friction between membrane and confining 
plates. Axial strain rate was 0.9 %/min. 4 load cells were 
used in order to obtain the applied load during shearing. 

Table 1. Test materials 

Material D50
(mm) Gs emax emin 

Nevada Sand 
[4] 0.14 2.65 0.748 0.51 

Ottawa Sand 
[5] 0.182 2.665 0.864 0.515 
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Abstract. In this article, effect of inter-granular void ratio (eg) on the volume compressibility and 
undrained shear strength behaviour of a natural silty-sand and base-sand is explored. Natural silty-sand 
sample was collected from Fatehgarh dam in Kutch region of India and the specimens prepared were 
subjected to isotropically consolidated undrained compression (CIUC) triaxial tests under two scenarios. In 
scenario one, silty-sand collected from Fatehgarh dam was used to perform CIUC triaxial tests at in-situ 
density. However, scenario two was based on CIUC triaxial tests on base-sand, which was extracted from 
Fatehgarh dam silty-sand soil by removing fines. It was ensured that the two specimens (silty-sand, base-
sand) had the same void ratio (e = 0.704) but different inter-granular void ratios (eg-silty-sand = 1.156 and eg-

base-sand = 0.704). Volume compressibility during isotropic consolidation phase of specimens was strongly 
reduced in the base-sand as compared to silty-sand. The undrained shear response of base-sand showed an 
increase in peak deviatoric stress by a factor of 1.8, 1.6 and 1.7 as compared to silty-sand at an initial 
effective confining pressure of 100 kPa, 200 kPa and 300 kPa respectively. The angle of friction mobilized 
at peak deviatoric stress and the work done per unit volume increased with the decrease in the inter-granular 
void ratio (eg), although the void ratio (e) was same.

1 Introduction
Stress-strain behaviour and effective stress path response 
of sandy soils under undrained conditions could be 
classified in three typical responses as introduced by
Castro [1]: strain softening (SS), limited strain softening 
(LSS) and strain hardening (SH). SS and LSS lead to 
liquefaction and limited liquefaction respectively and
can be observed in loose saturated cohesionless soils. SH 
is an attribute of highly dilative soils and does not lead to 
liquefaction. The type of response exhibited by a soil 
mass depends on a number of factors viz current material 
state, stress state, and boundary conditions. State
parameter (ψ) defined using void ratio (e) has been used
previously to predict the mechanical behaviour of sands 
and clays under the framework of critical state soil 
mechanics (CSSM) at different loading and boundary 
conditions. It is now well established that the CSSM 
framework has been effective in predicting the undrained 
behaviour of sands. As such, before 1960’s undrained 
behaviour of clean sands was assertively used to 
understand the liquefaction aspects of soils. However, 
since 1960s it has been recognized that the presence of 
fines both plastic and non-plastic has a strong impact on 
liquefaction behaviour of sands. Recent studies reported
a decrease in liquefaction resistance with the addition of 
fines till a limiting fines content but then with the further 
addition of fines liquefaction resistance increased.
However, this behaviour could not be explained under 

the CSSM framework due to a number of challenges. 
This was attributed to the non-uniqueness of the locus of 
the critical states (critical state line, CSL) in the e-ln(p)
plane; where e and p are the void ratio and mean 
effective pressure respectively. The CSL was found to be 
dependent on the fines content and was different for each 
percentage of fines. This, in turn, rendered CSSM less 
proficient in determining the behaviour of silty-sands if 
the e was used to define ψ. Similar to the effect of fines 
on liquefaction characteristics, the effect of fines on the 
CSL and isotropic compression line (ICL) was reported 
to be diverse among many research groups. Been and 
Jefferies [2] reported that the slope of CSL lines in the e-
ln(p) increased with the fines content. Few studies 
reported that CSL moved downward in e-ln(p) till ~30% 
fines content (FC) and then moved upwards with the 
further addition of fines. The unusual “reverse sand 
behaviour” of silty-sands reported by Lade and 
Yamamuro [3] and later observed by others could not be 
explained under the CSSM framework using void-ratio
based state parameter. Both the compressibility as well 
as undrained shear strength were significantly affected 
by the presence of fines. CSL and ICL were determined 
to be non-unique for sands with different fines content.

To overcome the different challenges faced while 
using CSSM in predicting the undrained behaviour of 
silty-sands the concept of the inter-granular void ratio
(eg) was proposed. It was computed by considering fines 
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Fig. 1. Test Specimen 

 
Fig. 2. Plane strain test apparatus [6]

 
Fig. 3. GeoPIV_RG analysis concept [7] 

1.2 PIV analysis 

Particle image velocimetry (PIV) is able to track soil 
particles during shearing. In order to do the analysis, high-
resolution camera is required. However, it is difficult to 
make analysis for fine sand without colored reference 
points. For this test, blue colored flocking powder was 
used to chase the particle movement of pure sand. To 

prevent changes in soil properties due to flocking powder, 
flocking powder was scattered on only one side of 
specimen which was covered by acrylic plate. In this 
paper, GeoPIV-RG software was used for image analysis. 
GeoPIV-RG is based on the MATLAB image analysis 
module to observe geotechnical or structural 
displacements and deformations (Figure 3). During 
shearing, photos were taken at every 10 seconds interval 
for PIV analysis. 

 

2 Analysis of results 

So far, many researches about soil particle movement 
have been conducted using grid deformation analysis. In 
past decades, several researches were carried out using 
digital image correlation or X-ray method to see the 
movement inside. However, those methods were able to 
analyze entire movement of soil particle. Horizontal and 
vertical particle movement will be shown separately and 
entire particle movement will be shown in order to 
compare with previous researches. Soil movement under 
applied load was different according to the soil type. 

2.1 Vertical movement of soil particle 

In terms of vertical movement of soil particles, the soil 
particle started to form shear bands immediately after 
peak stress. Shear bands were able to be observed clearly 
at residual stress state. With the load applied, during 
shearing stages, bottom part of specimen started to be 
dense to create shear band. The blue triangular part at the 
bottom of specimen was a base of shear bands. However, 
shear bands were not able to be seen at the beginning 
(Figure 4). Thus, both directions of shear bands were able 
to be expected through this triangular area. During 
residual stress state, soil particle started to move to 
opposite direction to make another shear band. To make 
another direction of shear band, one more triangular area 
was developed at the top of specimen and become denser. 
However, there was no huge difference of vertical 
movement of soil particle according to the soil type in 
terms of vertical displacement. 

2.2 Horizontal movement of soil particle 

Soil particle started to move immediately after load 
applying. As shown below, there was big difference of 
soil particle movement according to the soil type. At the 
peak stress, both directions of shear bands were able to be 
observed and one direction of shear band started to be 
developed first. The first shear bands were able to be seen 
during shearing (Figure 5). This horizontal displacement 
showed that shear failure mode can be expected in 
advance before shear failure based on the horizontal 
movement of soil particle. At 2% of strain rate, another 
direction of shear band was already able to be observed 
unlike vertical movement of soil particle. 

2

E3S Web of Conferences 92, 06006 (2019)	 https://doi.org/10.1051/e3sconf/20199206006
IS-Glasgow 2019



 

  

 1% 2%(Peak) 5% 

Nevada Sand 

   

Ottawa Sand 

   

Fig. 4. Vertical shear band analysis using PIV 
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Fig. 5. Horizontal shear band analysis using PIV 
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2.3 Particle movement at residual stress state 
inside of shear bands 

So far, it has been known that soil particles which are in 
the shear bands moved along the shear surface. However, 
the movement of soil particles is different according to 
their location. At residual stress state, particles at the 
bottom of shear bands moved along the shear surface but 
the particles at the top of shear bands moved in opposite 
direction of triangle as mention above. Particle movement 
in the opposite direction is going to make another 
direction of shear band (Figure 6). 

Nevada Sand (5%) Ottawa Sand (5%) 

  

Fig. 6. Vector analysis of particle movement 

3 Conclusion 
The movement of soil particles was observed using 
Particle Image Velocimetry (PIV) method. The main 
advantage of this PIV, GeoPIV-RG, is that horizontal and 
vertical movements are able to be considered separately. 
Also, this analysis method provides not only 
displacement contour but also displacement vector. 
Therefore, it was very easy to understand the particle 
movement during shearing. From several previous 
researches, it has been known that shear bands start to be 
formed immediately after peak stress. From the surface, it 
was true that shear bands could not be observed during 
shearing stage. However, in the horizontal point of view, 
it was possible to expect the location and angle of shear 
band before peak stress though PIV analysis. Therefore, 
it was easier to understand and estimate shear bands 
formation using horizontal movement of soil particles 
than vertical or resultant movement of soil particles. On 
PIV results, soil particles did not move much during 
shearing stage and started to move during residual stress 
state. 
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