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Analysis of the pore structure in the shear zone of granular materials 

Une analyse de la structure des pores dans la zone de tondre des matériels granulés

L.E.Vallejo — Department o f Civil Engineering, University of Pittsburgh, USA 

Y.Zhou -  Baker Environmental Inc., Coraopolis, Pennsylvania, USA

ABSTRACT : Fabric in granular materials refers to the arrangement o f  particles, particle groups, and pore spaces. Previous studies on 

the characterization o f  fabric in granular soils under shear have focused primarily on the solid phase. Very little attention has been 

paid to the pore phase. This study focuses on the changes experienced by the void system in a simulated granular material under 

shear. Using a plane stress direct shear apparatus, an image analyzer, and fractal theory, the size o f the shear zone, its porosity and the 

shape o f  the voids in this zone were evaluated.

RESUME: Le fabric dans les matériels granulés réfère a l’arrangement des particules, des groupes des particules et des espaces des 

pores. Les études antérieures de la action de caractériser le fabric dans les matériels granulés ont fait la mise au point sur la phase 

solid principement. Peu d ’attention a été payé a la phase des pores. Cette étude fais la mise au point sur les changes éprouvé pour le 

système des void dans un matériel granulé simulé sur tondre. Employant un appareil qu’ appliquer tondre, un appareil qu’analyse des 

images, et théorie fractale, le structure des pore a été analyser.

1 INTRODUCTION

The development o f  a zone o f  preferential dilation has been 

observed in samples o f  dense sand when subjected to 

shearing in the direct shear apparatus (Scarpelli and Wood, 

1982). Scarpelli and W ood used X-rays to detect the zone o f  

preferential dilation. The mechanical response o f  dense sand 

samples to a conventional direct shear test is inferred from 

boundary measurements that record only the overall response 

o f the samples. The conventional direct shear apparatus does 

not allow the recording o f  the changes in fabric that takes 

place in the zone o f  dilation during the shearing o f the sand. 

The evolving fabric in the zone o f  preferential dilation will 

control the shear strength-deformation characteristics o f the 

sand (Oda and Kazama, 1998). Thus, in order to understand 

the overall mechanical response o f  dense granular materials 

to shear, one needs to evaluate the changes in fabric that take 

place in the zone o f  preferential dilation that these materials 

develop when subjected to shear.

Fabric refers to the arrangement o f particles, particle 

groups and pore spaces in soil. With few exceptions, 

previous studies on the characterization o f  fabric in granular 

materials under shear have focused primarily on the solid 

phase (Oda, 1972, 1977; Oda et al., 1982; Kuo and Frost, 

1996; Kuo et al., 1998; Jang et al., 1999). This study will 

focus on the pore structure in granular materials and how it 

changes during shear.

2 LABORATORY TESTING

To evaluate the changes experienced by the pore structure in 

granular materials when subjected to shear, a simulated 

granular material and an open face plane direct shear 

apparatus were used. The simulated granular material 

consisted o f  two sets o f  wooden rods with cross sectional 

areas resembling polygons with sides o f  varying lengths. 

One set measured 2.5 cm. in length and their cross sectional 

areas had an average diameter equal to 3.2 mm. The other 

set had the same length but their cross sectional areas had and 

average diameter equal to 9.5 mm.

Mixtures o f  the two sets rods were placed inside two U 

forms forming part o f  an open face plane stress direct shear 

apparatus (Fig. 1) (Vallejo, 1991). In the plane stress direct 

shear apparatus, the rods were densely packed and arranged 

in a square area the sides o f  which measured 7.6 cm. in 

length. The open face o f the shear apparatus formed by the 

two U forms allows the measurement o f  the changes that take

place in the shear zone located between the two U forms. 

Two proving rings measured the normal and shear stresses 

applied to the rods. Dial gauges measured the normal and 

shear displacements during shear.

During the shearing process, photographs o f  the open face 

direct shear apparatus with the rods were taken using a 35 

mm. camera Figs. 2 to 4 record the changes in fabric 

experienced by the rods during shear. The normal stress, on , 

was kept constant and equal to 65 kPa. Fig. 2 shows the 

original fabric before the shear stress was applied ( t  = 0 kPa, 

shear displacement h = 0 cm.). Fig. 3 shows the fabric in the

rods at peak shear stress conditions (Tpeak = 75 kPa, shear 

displacement h = 0.26 cm.) Fig. 4 shows the fabric in the

rods at residual shear stress conditions (Tresidual = 10 kPa, 

shear displacement h = 0.9 cm).

Figure 1. The open face plane stress direct shear apparatus

3 IMAGE ANALYSIS OF THE PORE STRUCTURE

The width o f  the shear zone as well as its changes in fabric 

during shear were evaluated from the photographs taken o f  

the samples (Figs. 2 to 4). An image analyzer was used to 

evaluate the changes in fabric experienced by the samples 

during shear. The image analyzer extracted from the 

photographs the area and the perimeter o f  the individual 

voids forming part o f  the zone o f  dilation. Also, the image 

analyzer was used to obtain the two dimensional porosity o f  

the shear zone (zone o f  dilation) at different levels o f  shear
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Figure 3. Fabric o f  the simulated granular material when o„ 

=  65kPa, TpC„k =  75 kPa. shear displacement h =  0 .26 cm.
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Figure 4. Fabric o f  the simulated granular material when o„ 

=  65kPa, Trcsiduai =  10 kPa, shear displacement h =  0.9 cm.

displacement. Table I shows the value o f  the average 

porosity in the shear zone o f  the sample at different levels o f  

shear displacement (Figs. 2 to 4). W hen the shear 

displacement was large (0.9 cm. as shown in Fig. 4), the 

value o f  the two dimensional porosity was equal to 48%  

(Table I). Denekamp and Tsur-Lavie (1981) found the 

porosity in slip zones o f  natural sand deposits in Israel to be 

equal to 46.3 %. Thus, the value o f  the porosity in the shear 

zone o f  the simulated granular materials and that in natural 

sand deposits are very similar

Figure
Porosity 

n (%)

Fractal Dimension 

D

Figure 2 30 1.64

Figure 3 38 1.74

Figure 4 48 1.39

In addition, the shear or dilatant zone had a width that 

included the rotation and horizontal and vertical movement 

o f  about nine wooden rods (Fig. 4). Bridgwater (1980) 

estimated the width o f  the shear or dilatant zone in dense 

sands under shear to involve a total o f  nine grains. Thus, the 

width o f  the shear zone as found in the laboratory 

experiments and that found in dense sands by Bridgwater 

were found to be similar.

3.1 The shape o f  the voids in the shear zone

Figs. 2 to 4 show the voids in the shear zone not only change 

in size but in shape as well. To date, the shape or degree o f  

irregularity o f  the void structure in granular materials has not 

been included in any evaluation o f  the fabric in granular 

materials subjected to shear. In this study, the shape or 

degree o f  irregularity o f  the voids in the shear zone in Figs. 2 

to 4 will be evaluated using the fractal dimension concept 

from fractal theory. The fractal dimension o f  the voids 

forming part o f  the shear zone o f  Figs. 2 to 4 was evaluated 

using the area-perimeter method (Mandelbrot et al., 1984; 

Hyslip and Vallejo, 1997)). The fractal dimension, D , o f  the 

void system in the shear zone is obtained from the slope, m , 

o f the best line that connects the values o f  the area and 

perimeter for each o f  the voids in the width and along the 

length o f  the shear zone. Once the slope, m , is obtained, the 

fractal dimension is calculated as the ratio between 2 and m 

(that is, D= 2/m ). The fractal dimension, D , measures the 

degree o f  irregularity o f  the voids in the shear zone. The 

larger the fractal dimension value, the more irregular the 

voids are. Figs. 5, 6 and 7 shows the area perimeter method 

applied to the voids o f  Figs. 2, 3 and 4, The values o f  the 

fractal dimension, D , for Figs. 2 to 4 are shown in Table 1. 

According to the calculated values o f  D, the voids in the 

samples at zero and at peak shear stress conditions had fractal 

dimension values that were larger than the ones measured for 

the void system in the sample at residual stress conditions. In 

other words, the voids in the samples shown in Figs. 2 and 3 

were more irregular than those in the shear zone in Fig. 4. 

These results seem to indicate that the degree o f  irregularity 

o f  the voids decreases with the level o f  shearing o f  the 

sample.

Thus, the use o f  rods with irregular cross sectional areas 

simulating granular materials, together with a plane stress 

direct shear apparatus and an image analyzer, have proved to 

be very effective for gaining an understanding o f  the fabric 

changes that take place in granular materials subjected to 

shear.

PERIMETER, pixel units

Figure 5. Area-perimeter method used to calculate the 

fractal dimension o f  the voids in the shear zone o f  Fig. 2.

4 DISCUSSION OF RESULTS

During the shearing process o f  the irregular rods, the voids 

not only increased in size (Figs. 2 and 3) but their boundaries
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became very rough as indicated by the fractal dimension 

values (Fig. 5 and 6). The degree o f  roughness o f  a void 

system in granular materials has been found by Vallejo 

(1996, 1999) to have an influence on their hydraulic

Figure 6. Area-perimeter method used to calculate the 

fractal dimension o f  the voids in the shear zone o f  Fig. 3.

Figure 7. Area-perimeter method used to calculate the 

fractal dimension o f  the voids in the shear zone o f  Fig. 4.

conductivity. If the granular material is located in the 

unsaturated zone, the water will move through its void 

system using the com ers and crannies o f the pores (Vallejo, 

1999). Thus, the rougher the pores, the more efficient they 

will be in moving water in the unsaturated zone. Since the 

shearing process has an influence on the geometry o f  the 

voids in granular materials, it will also affect its unsaturated 

hydraulic conductivity.

Rougher pores are also an indication that the contact 

between the grains is through their sharp corners. Sharp 

corners in contact will tend to break or yield. This will 

produce fines that will in turn fill the void system o f  the 

granular material. Thus, if  during shearing, the fractal 

dimension increases, this increase will indicate that the 

granular material has evolved into a grain skeleton made o f  

grains that are in contact trough their sharp corners. If the 

material breaks, the mechanical properties change. Thus, the 

fractal dimension can be used as a measure o f  the propencity 

o f  granular material to break during or after the shearing 

process.

5 CONCLUSIONS

Direct shear experiments on simulated dense granular 

materials and image analysis o f  the fabric in the shear zone 

developed by these materials indicated the following:

(1) The simulated granular materials developed a 

zone o f  preferential dilation the width o f  which was equal to 

the combined width o f  about nine grains. This width was 

found to be the same as that found in the shear zone o f  dense 

natural sands when subjected to shear.

(2) The porosity increased in the preferential zone 

o f dilation as the level o f  shearing increased. The two 

dimensional porosity at large shear displacements in the 

simulated granular material was found to be similar to the 

one developed by failure zones in natural sand deposits.

(3) The degree o f  irregularity o f  the void system 

in the shear zone o f  the simulated granular materials 

decreased with the level o f  shearing. The degree o f  

irregularity o f the void system in the shear zone was 

evaluated using the fractal dimension concept from fractal 

theory.
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