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Localized deformation in sands and glass beads
subjected to plane strain compressions
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Abstract. In order to investigate shear behavior of granular materials due to excavation and associated
unloading actions, load-controlled plane strain compression tests under decreasing confining pressure were
performed under drained conditions and the results were compared with the conventional plane strain
compression tests. Four types of granular material consisting of two quartz sands and two glass beads were
used to investigate particle shape effects. It is clarified that macro stress-strain behavior is more easily
influenced by stress level and stress path in sands than in glass beads. Development of localized deformation
was analyzed using photogrammetry method. It was found that shear bands are generated before peak
strength and shear band patterns vary during the whole shearing process. Under the same test condition,
shear band thickness in the two sands was smaller than that in one type of glass beads even if the materials
have almost the same mean particle size. Shear band thickness also decreased with increase of confining
pressure regardless of particle shape or size. Local maximum shear strain inside shear band grew
approximately linearly with global axial strain from onset of shear band to the end of softening. The growth
rate is found related to shear band thickness. The wider shear band, the relatively lower the growth rate.
Finally, observed shear band inclination angles were compared with classical Coulomb and Roscoe
solutions and different results were found for sands and glass beads.

Keywords: plane strain compression; unloading; stress path; particle shape; shear band; DIC analysis

1. Introduction

There are many kinds of unloading projects in the field of civil engineering, such as excavation
for retaining walls, slope cutting, tunneling, and preloading and unloading in subgrades. Such
excavation or removal of soil (load) will generate a new boundary and the soil around the new
boundary will undergo different stress paths accompanied by stress release. Taking the
construction of a retaining wall as an example, soil at the bottom of the excavation is subjected to
extension as the overburden being removed, and soil behind the wall in active state is subjected to
shear compression by the progressive decrease of the lateral pressure while the vertical stress
distribution have been shown to have great influence on the common plane strain compression
remains constant (Head 1992). Plane strain extension behavior in sands has been investigated by
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several studies (Masuda et al. 1999, Rochter ef al. 2010, 2011) and it is different from plane strain
compression behavior. Very few studies have examined the shear stress path under constant axial
load and decreasing confining pressure either in triaxial or plane strain test (Chu et al. 2012). This
stress path is usually load controlled, while the common shear stress path is deformation controlled.
Chu and Wanatowski (2009) noted that the two loading modes only affect the post-peak
stress-strain behavior of sand, given the other conditions are the same. Compared to post-peak
behavior, shear strength and deformation before failure are more important for calculation of
excavation problems. Therefore, this behavior and influencing factors are focused in this study.

On the other hand, several important factors such as confining pressure, density, particle size
behavior of sands including shear band formations (Alshibli and Sture 2000, Chu and Wanatowski
2009, Chu et al. 2012, Desrues and Viggiani 2004, Finno et al. 1997, Rechenmacher 2006,
Rechenmacher and Finno 2004, Tatsuoka ef al. 1990, Tejchman et al. 2007, Wanatowski and Chu
et al. 2006, 2010). Most studies agreed that shear banding happens slightly before the peak.
However, there appears no consensus for definition of the onset of shear bands. Comparing results
of observed shear band inclination angles with classical predictions also varied in those studies.
Moreover, particle shape especially surface roughness has been proven to have significant
influence on the shear strength of granular materials through experimental tests and DEM
simulations (Alshibli and Alsaleh 2004, Cho et al. 2006, Sezer et al. 2011, Shinohara et al. 2000,
Katagiri et al. 2010, Maeda et al. 2010, Matsushima and Chang 2011). Very few studies have
considered particle shape effects in plane strain compression test. Alshibli and Sture (2000)
compared plane strain shear behavior of fine, middle and coarse sands with rounded to angular
particle shapes. However, the observed particle shape effects were mixed with particle size effects.

This paper mainly aims on understanding behavior of granular materials subjected to unloading
shear while focusing on particle shape effect. Therefore, four types of material with angular,
sub-angular and round particle shapes were used. Three of them have similar particle size
distributions. Plane strain compression tests under decreasing confining stress were mainly
performed and common compression tests with constant confining stress were also performed to
make comparisons. Local deformations including shear bands patterns were investigated using the
digital image analysis.

2. Experimental set-up
2.1 Stress paths

Two types of plane strain compression tests under different stress paths were compared in this
study, as shown in Fig. 1. p’ is the mean effective stress and ¢ is the deviator stress. The first type
is load-controlled test under decreasing confining pressure (referred to as PSCD test), where
effective confining stress on the specimen, ¢’;, is decreased before the failure, while the effective
axial stress, ¢’;, remains constant by adjusting displacement of loading platen. The confining
pressure was automatically decreased at a rate within 1-3 kPa/min and smaller decrements were
taken near failure. When the specimen arrives at failure, confining stress decrease was stopped and
shearing was continued under constant axial displacement rate. The second type is the
conventional deformation-controlled plane strain compression test (referred to as PSC test), where
confining pressure was kept constant and the specimen was sheared under a constant axial
displacement rate. During the whole shearing process, the axial displacement rate was kept at 0.1
mm/min. A number of practical problems corresponding to the two different stress paths are
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Fig. 1 Two stress paths and principal stress variations in the PSCD and PSC tests

illustrated in the examples given in Fig. 1. The soil element below a footing follows a stress path
as in the PSC test, while those located at the lateral sides of excavation of tunnels or foundation
pits are closer to the stress path in the PSCD test.

2.2 Test materials and methods

All the tests were performed in a plane strain test apparatus, as shown in Fig. 2. Confining
pressure is applied by air and its increase or decrease is controlled by computer program.
Confining plate with a transparent glass window is designed for both front and back sides to
restrict deformation and to take photographs of specimen. Volumetric change is measured through
a burette. Each specimen has approximately a width of 60 mm, a depth of 80 mm, and a height of
160 mm. Loading was applied at the top of the specimen and grease was painted on the front and
back of specimen in the direction of zero strain to reduce friction. The bottom end platen is
restrained from lateral sliding. The intermediate principal stress cannot be measured in this study
(Wanatowski and Chu 2006). Photographs of specimens in the front plane were taken during the
shearing process to observe local deformations.

Four types of material consisting of two silica sands and two solid glass beads were used and
these are referred to in this paper as Ube No. 6A sand, Toyoura sand, Glassbeadl and Glassbead?,
respectively. Their particle size distributions are compared in Fig. 3. The first three types of
material have the similar particle size distribution, while the Glassbead2 is quite uniform glass
beads with much bigger grain size. The Ube No. 6A sand and Toyoura sand have angular and
subangular particles separately, and the two glass beads have the same rounded particles, as shown
in the photos taken using scanning electron microscope (SEM) in Figs. 4(a)-(d). It should be noted
that not all the particles in Glassbeadl are perfectly round and there is very small amount of
defective beads being mixed in most rounded beads. Physical properties of materials are shown in
Table 1. The aspect ratio (4,: the ratio of length to width of a particle) and roundness (R.: a
measure of circularity of a particle; equation given in Table 1) were calculated for particles with its
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Table 1 Physical properties of the four types of material
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. D Aspect ratio Roundness
Material Gs mifl Crmax Cmin AI: —alb R.= 12/ 474
Ube No. 6A sand 2.60 0215 1.044 0.623 1.1-2.44 1.2-2.0
Toyoura sand 2.65 0205 0976 0.635 1.16-2.27 1.09-1.84
Glassbeadl 2.50 0200 0.742  0.569 1.0 1.0
Glassbead?2 2.50 1.072 0.689 0.571 1.0-1.04 1.01-1.05
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Fig. 4 SEM photos of the four types of material

Fig. 5 Measurement of geometry sizes of particles

mean grain size (R.) in SEM images. Fig. 5 shows an example of how to measure the geometric
size of particles.

Air pluviation sampling method was used with a constant drop height of 125 cm. The falling
height of 125 cm was the maximum possible manageable distance of the sampling apparatus for
the given study. Specimen is divided into 5 layers and the falling height is kept constant for each
layer. As a result, the more angular particles produce a looser specimen when the pluviation
method is applied under the same drop height. For the maximum possible falling heights, only Ube
No.6A sand with the most angular particle shape produced a much lower relative density (around
52%) compared to those of the other three materials. Therefore, a little bit of compaction is done
on the Ube No. 6A sand specimen by hitting on the side platens (steel model) of specimen
uniformly using a small rubber hammer to prepare denser specimens. However, the final obtained
relative density of dense Ube No.6A sand was about 73%, which is approximately lower by 10%
compared to those of the other materials.

The initial relative density of specimens produced for the four types of material is (73% + 1%,
(80% = 5%), (80% = 3%) and (88% = 9%) respectively. To saturate the specimen, de-aired water
was flushed through the specimen and then a back pressure of 50 kPa was applied. All the
specimens were isotropically consolidated for 1 hour and then they were sheared until about 12%
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Table 2 Summary of test conditions and measured results

Void Relative Mobilized Dilation Coulomb-

. . . CP.  Test 17 0, . Roscoe
Material raet;o clljern(sol/?)f (kPa) type Rinax ¢12§t§) ?151%1)? (O") ©) solzit)lon solution (°)
0.735 734 50 PSC 9.1 53.3 205 70.8 70.8  71.7 55.3
N‘ng 0.738  72.7 50 PSCD 11.0  56.6 242 736 684 732 56.1
sand 0734 736 100 PSCD 10.0  54.9 23.0 71.1 674 725 56.5
0.733 739 200 PSCD 9.6 54.4 21.1 702 68.0  72.1 55.6
0.684 85.6 50 PSC 6.8 48.0 192 692692  69.0 54.6
Toyoura 0.72  75.1 50 PSCD 8.7 52.5 18.1 693 69.7 713 54.2
sand 0704 79.8 100 PSCD 8.0 51.1 177 68.6 689 705 53.9
0.695 824 200 PSCD 7.4 49.6 177 69.6 70.0  69.8 53.9
0.6 821 50 PSC 43 38.5 192 563 53.8 643 54.6
Glass 0.6  82.1 50 PSCD 5.2 42.6 183 61.6 584 663 54.1
beadl 0.607 78 100 PSCD 4.5 39.5 17.8  59.1 56.0 648 53.9
061 763 200 PSCD 4.2 38.0 16.8 54.6 543  64.0 53.4
0.583  89.8 50 PSC 4.0 36.9 162 540518 634 53.1
Glass 0.596  78.8 50 PSCD 4.5 39.5 151 545518 648 52.6
bead2 0.575 96.6 100 PSCD 3.9 36.3 151 537518  63.1 52.6
0.574 97.5 200 PSCD 3.7 35.1 151 537518 625 52.6

*¢,1s the initial void ratio and e, is the void ratio after consolidation;
0,, 0, are measured inclination angles of the main shear band near the peak and at the end of shearing

axial strain. For each type of material, one PSC test was performed at an initial consolidated
pressure o’ = 50 kPa and three PSCD tests were performed at 6’y = 50 kPa, 100 kPa and 200 kPa,
respectively. Sands and glass beads are not reused to avoid possible changes of particle shape or
particle surface such as abrasion. Some important information including the initial void ratio ey,
relative density, confining pressure and test type are summarized in Table 2.

3. Experimental results and analysis
3.1 Comparison of stress-strain and volume behavior in the PSC test

Developments of effective principal stress ratio and volumetric strain with the global axial
strain ¢; of the four types of material in the PSC test at ¢’y = 50 kPa are compared in Fig. 6. Here,
the principal stress ratio R is defined as ¢’1/6’;, the ratio of effective vertical stress ¢’; and
effective confining stress ¢’;. Clearly, all the materials gave typical results of dense granular
materials showing gradually increasing strength until the peak and then softening. R shows high to
low values from Ube No. 6A sand to Glassbead2. Dilation in Glassbeadl and Glassbead?2
happened earlier than that in Toyoura sand, which is also earlier than that in Ube No. 6A sand.
Dilation angle measured around the peak strength is 20.5°, 19.2°, 19.2° and 16.2° in the four types
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Fig. 6 Comparisons of stress-strain behavior of the four materials in the PSC test

of material, respectively. Here, the dilation angle is calculated by

W —gin-l| dE +de) (1)
(del +del)
where ¢’ and ¢”; are the major and the minor plastic principal strains.

The Ube No. 6A sand with the most angular particle shape and lowest relative density showed
the highest dilation angle. On the other hand, Toyoura sand and Glassbeadl with similar relative
densities around 80% have the same dilation angle even if Toyoura sand has a more angular
particle shape than Glassbeadl. However, Ube No. 6A sand with the smallest dilation angle has
the highest shear strength; Toyoura sand has higher shear strength than Glassbeadl even if they
have the same dilation angle. This is because Ube No. 6A sand has the most angular particle shape
and Toyoura sand has more angular particle shape than glass beads. Guo and Su (2007) have
pointed out that interparticle locking owing to angularity contributes to a large part of the shear
resistance of sands. Moreover, compared with Glassbeadl, Glassbead?2 clearly shows delayed peak
strength and the curve from the peak to the residual state is less steep. This means the localization
process is slower in Glassbead2 than that in Glassbeadl. This is because shear band is thicker in
Glassbead2 with larger particle size, which is discussed in detail in Section 4.

3.2 Test results in the PSCD test and comparison with PSC test

Test results of stress strain and volume behavior were summarized and compared in Fig. 7. The
effective principal stress ratio R and volumetric strain were both plotted with the deviatoric strain.
Here, the deviator strain ¢, is defined by

2 :\/5[(81_62)2+(€2_E3)2+(83_61)2] 2)

where ¢, and &5 are approximated by the global vertical and lateral strain separately and &, =0.
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It is found that there are significant differences between results of the two sands and the two
glass beads. First is variation of peak strength with confining pressure in the three PSCD tests. The
peak value of principal stress ratio, Ry., in each case is listed in Table 2. In general, R
decreased with increasing stress level in both sands and glass beads. R,y in glass beads is clearly
higher under ¢’y = 50 kPa while there is little variation when ¢’ increased from 100 kPa to 200
kPa. It should also be noted that stick-slip of glass beads is more remarkable under higher stress
level. Then, the peak appeared earlier with decreasing confining stress in the two sands but not in
the glass beads. Moreover, the after-peak stress-strain behavior in the two sands varied differently
under different test conditions while it always showed similar behavior in the two glass beads.

Stress path effect also behaved different between the sands and glass beads. All the three
specimens in the PSCD test showed clearly higher stiffness (R/g,) before the peak, and earlier peak
stress ratio than those in the PSC test for both the two sands. However, this was not found for the
two glass beads. The R - ¢, curves in the PSC test and in the two PSCD tests under ¢’y = 100 kPa,
200 kPa almost overlapped in both the two glass beads.

The volume response in the PSCD test is a little different from that in the PSC test at the
beginning of shearing. Different from the general volumetric change in dense granular material
such as in Fig. 6(b), volume expansion happened in lieu of contraction due to stress release.
Dilation developed gradually due to shearing and dilation angle reached the maximum value at the
peak strength. It can also be known from Figs. 7(a) and (b) that before the peak strength, at the
same global axial strain, total volumetric strains in the three PSCD tests are higher than that in the
PSC test. Under the plane strain condition, this means more lateral extension was generated in the
PSCD test than that in the PSC test for the two sands.

The dilation angles near the peak were listed in Table 2. It has been noted in past studies that
the mobilized friction angle (or shear resistance) is contributed by several factors including inter
particle friction, particle interlocking, dilation, particle rearrangement (Guo and Su 2007).
However, it is not clear how much each factor contributes to the shear resistance. According to the
angle values listed in Table 2, the dilation angle is found no more than 50% of the mobilized
friction angle at the peak. The ratio of dilation angle and the maximum mobilized angle is 38-43%
for Ube No. 6A sand, 34-40% for Toyoura sand, 43-50% for Glassbeadl and 38-44% for
Glassbead2, respectively. The ratio is thought generally higher in glass beads than that in sands.
Moreover, it is found that the dilation angle decreased with increasing consolidation pressure in
the three PSCD tests, except that Glassbead2 showed the same value. The dilation angle decreased
from 24.2° to 21.1° in Ube No. 6A sand, while it only changed 0.4° in Toyoura sand and 1.5° in
Glassbeadl. The Ube No. 6A sand with the most irregular particle shape is most vulnerable to
stress level change.

From the above test results, it can be inferred that particle shape has a major influence on shear
behavior, and the more angular particle shape makes the macro stress-strain behavior more
sensitive to the stress level and stress path. Alshibli and Sture (2000) also noted that influence of
confining pressure on strength and stability decreases as grain angularity decreases. In the
subsequent sections, local deformation developments and shear band patterns in the specimens and
particle shape effects are examined by image analysis.

4. Analysis and discussions of local deformations

Local deformation was observed in order to further understand the shear behavior. In this study,
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we used the same photogrammetry method as introduced in detail by White et al. (2003). It is
based on the PIV (Particle Image Velocity) method and the cross-correlation function is used to
search new places of deformed materials. Therefore, it is also called DIC (Digital Image
Correlation) method in many other studies; see for example a recent review by Hall et al. (2010).
This method has been proven to be very useful to investigate shear band patterns (Desrues and
Viggiani 2004, Rechenmacher and Finno 2004, Rechenmacher 2006). In order to improve
luminance of the specimen, two 500-Watt LED lights were positioned in front of the observed
window. A digital camera with a 35 mm of focal length was used and geometric correction was
done to reduce the error induced by lens distortion. First, geometric correction is done by taking a
photo of nodes range at a fixed spacing of 10 mm. About 300 nodes were included in a photo used
for correction. The corrected pictures have a ratio of about 0.07-0.09 mm/pixel. Then, points of
interest are selected inside the first photo and their coordinates are specified. A square standard
pattern with a size of around 20*20 pixels is named based on each selected point (central point of
the standard pattern). The mean gray scale of the standard pattern is calculated and is used as the
base of judgment. Third, since locations of selected points changed in the next photo due to shear
deformation, new positions of the points will be decided by searching new standard patterns
having similar grey scale with previous ones. Here, a cross-correlation method is used, and the
cross-correlation coefficient is calculated by

N-1M-1

S 3110 1= £ st j1-5)
Rc N-1 J—: = N-1M-1 (3)
\/Z (110,71~ f)z\/ZZs[z j1-5)

where, f[i, j] is the grey scale of a single pixel in the standard pattern; f is the mean grey scale of
the standard pattern; s [7, j] is the grey scale of a single pixel in the unknown pattern; s is the mean
grey scale of the unknown pattern; M, N is the pixel size of the decided standard pattern in the two
directions.

When the new positions of the selected points are determined, the displacements of the selected
points in the two dimensions of the plane are known. Finally, four-noded isotropic elements are
used to solve strains inside the specimen based on the finite element method. Comparing the
observed total displacement of specimen with the measured value by DIC analysis, it is found that
the maximum error is no more than 0.6 mm within a total axial displacement of about 20 mm.
Therefore, it is thought that this method has a high accuracy.

4.1 Local lateral deformation

It can be known from Fig. 7 that volumetric strain is higher in the PSCD test than that in the
PSC test for sands. This means lateral strain is higher in the PSCD test under the plane strain
condition. In order to verify this, local lateral strain distribution in specimen is investigated by DIC
analysis at different stages of shearing. Fig. 9 shows comparisons of contour plots of Ube No. 6A
sand and Glassbead2. The contours are compared at the same global axial strain ¢, in the PSC and
PSCD test both under ¢’ .o = 50 kPa. The ¢, is selected at an axial strain where peak is drawing near
in the PSCD test. For the labels, ‘+’ represents compression and ‘—’ represents extension. It is
found that local lateral deformation in specimen showed mainly extension. Butterfly-shaped
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(a) Ube No. 6A sand, &, =2.0% (b) Glassbead2, ¢, = 1.5%

Fig. 8 Contour plots of local lateral strain

distribution was found in most specimens of both sand and glass beads. Amount of local extension
in the PSC test is seen clearly less than that in the PSCD tests for Ube No. 6A sand, but not for
Glassbead2. For example, as shown in Fig. 8(a), the maximum local later extension strain within
shear band is about 0.15 in the PSC test of Ube No. 6A sand, while it is about 0.32 in the PSCD
test. Moreover, the local deformation distribution is much narrower in the PSC test comparing
with that in the PSCD test.

4.2 Shear band evolution and shear band thickness

Shear bands can be observed from local maximum shear strain distributions. This was also
reported by Oda and Iwashita (2000). Here, the maximum shear strain is calculated by

Vmax = \ (8x - ‘9};)2 + 7/x2y (4)

where ¢, ¢,, and y,, are the horizontal, vertical and shear strains of the divided elements in the
observed plane, respectively.

According to the observations, double shear bands were finally generated in all the glass beads
specimens, while both single and double shear bands were commonly found in sand specimens.
For all the specimens under different test conditions, shear bands evolutions have similar but
distinct ways. Shear bands developed with changing patterns during the whole shearing. The final
shear bands are quite different from the initial ones, especially in sands. Fig. 9 shows a case of
Toyoura sand in the PSCD test under ¢’ = 100 kPa. Five stages were chosen including (a) at the
peak, (b)-(d) typical stages and (e) at final state. It can be seen from Fig. 9(a) that several shear
bands have been formed at the peak and they are quite nonuniform. Then, only the left-inclined
band developed as shearing went on until 4.2% axial strain. After that the first shear band pattern
had almost no change and a second shear band began to appear. The second one gradually evolved
from discontinuous localized deformations and crossed with the first shear band. It grew wider and
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(a) &,= 1.5% (b) &,=2.0% (c) e,=4.2% (d) &,=82% (e) &,=12.0%
Fig. 9 Shear band evolutions in the PSCD test of Toyoura sand, ¢’.o= 100 kPa

(@) e,=1.2% (b) &,=1.6% (©) e,=6.7% (d) &,=10.3% (e) e,=12.0%
Fig. 10 Shear band evolutions in the PSCD test of Glassbeadl, ¢’.c= 100 kPa

wider until the final state.

The above shear band evolutions are not limited to sands with irregular particle shapes. Similar
case was also found in Glassbeadl. Fig. 10 shows an example of the PSCD test under ¢’y = 100
kPa. Symmetric shear bands have been formed at the peak with ¢,=1.2%, however they changed
immediately and only one shear band was clearly observed at ¢, =1.6%. Then the shear band
developed for a relatively long shearing period and a second shear band initiated at &, = 6.7%.
After that development in the first shear band almost ceased and increased deformation was
localized within the second one until the final state.

Although two shear bands were finally formed in all the four cases of Glassbeadl, they were
not developed at the same time. The second shear band appeared at the under part of specimens as
shown in Fig. 10 in two of the four cases, and it appeared at a symmetric location of the first one
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Fig. 12 Developments of local maximum shear strain: PSC test, ¢’ o= 50 kPa

in the other two cases (see Figs. 12(c) and 13(c)). Therefore, even for the Glassbeadl with very
round particle shape and the relatively uniform narrow particle size distribution, shear bands are
not always symmetric and they are hard to predict. However, for the Glassbead2 with almost five
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(d) Glassbead2
T T

times of particle size of Glassbeadl, symmetric and conjugate shear bands were always formed
(see Figs. 12(d) and 13(d)).

From Figs. 9 and 10, it can be also seen that shear band is not perfectly uniform and its
thickness changes at different places of the specimen. In order to make comparisons of shear band
thickness in the four types of material, shear band thickness is measured at the middle height of the
main shear band or it is measured slightly below the intersection for two conjugate shear bands.
Fig. 11 shows measured results based on maximum shear strain contours for each case. The two
sands and Glassbeadl have almost the same Dsy, and Toyoura sand has very similar relative
densities with Glassbeadl, while their shear band thicknesses are not always similar. Glassbeadl
has thicker shear band than the two sands. This is because Glassbeadl has a very uniform size
distribution and round particle shape compared with the two sands. When comparing the two glass
beads with the similar uniform size distribution but different particle size, Glassbead2 shows clear
higher thickness than Glassbeadl. However, the shear band thickness is not proportional to the
mean particle size. The Ds, size of Glassbead2 is almost 5 times as that of Glassbeadl while the
ratio of their shear band thicknesses is only about 1.1-1.4 times. The ratio of shear band thickness
and the Ds size is not constant for different granular materials and it decreases significantly when
grain size becomes very big. This was also reported by Desrues and Viggiani (2004). Moreover, it
is clearly seen that shear band thickness decreases with the increase of confining pressure in the



Localized deformation in sands and glass beads subjected to plane strain compressions 513

Local maximum
shear strain
curve

Principal stress ratio R

Gradient
change
point

1 .

Global axial strain’

Fig. 14 Sketch of definition of growth rate & on the local maximum shear strain curve

PSCD test for all the materials.
4.3 Developments of local maximum shear strain within shear band

According to the above analysis, it is known that shear band is formed gradually and local
deformations are not always uniform even within the same shear band. A direct way to identify
these is to observe local strain developments within shear band. Fig. 12 shows the final shear band
patterns and developments of local maximum shear strain with the global axial strain in the PSC
tests under o’ =50 kPa. Fig. 13 shows the results in the PSCD tests under ¢’,o =200 kPa. Five
locations within the final main shear band at the ends of its quadrant are chosen, as marked by
circular points in the figures. Local maximum shear strain variations at the locations are traced by
the Lagrange method. As can be seen from the figures, maximum shear strains were very small
and developed slowly at the beginning of shearing. As shearing continued, they began to increase
stiffly at a certain global axial strain and gradient of the curve changed. This is therefore
considered as the onset of shear band. The solid star symbol ‘%’ in each subfigure in Figs. 12 and
13 shows the place of peak strength along axis of global axial strain. It can be seen that shear
bands were formed just before or at peak strength.

Moreover, after the gradient change of the local maximum shear strain curve, the maximum
shear strain within shear band grows approximately linearly with global axial strain. However, the
rate of increase is not the same at the five locations especially for sands. As shown in Fig. 14, the
growth rate is defined as k = Ay / Ag, and it is measured by carrying out a linear approximation
line to the local maximum shear strain curve between the start of gradient change and the end of
softening.

Fig. 15 shows measured results in the PSC tests and Fig. 16 shows results in the PSCD tests
under different confining pressures, respectively. For the same test case, some points overlapped
because of the same growth rate of curves at different locations. The mean value of the five
locations in each case was also given in the figures. In the PSC test results in Fig. 15, the growth
rate decreased across the Ube No. 6A sand, Toyoura sand, Glassbeadl and Glassbead2. This is
also found in the PSCD test results in Fig. 16. For each material, the average growth rate increased
with increase of confining pressure. Moreover, the mean value of growth rate in most PSCD tests
is seen lower than that in the PSC test for all the four types of material.
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Referring to the measured shear band thickness in Fig. 11, the above findings on the growth
rate is thought related to shear band thickness. For the same material under different test
conditions, it is clearly seen that the narrower of shear band the higher of growth rate. This
inclination is also found when comparing different materials under the same test condition.
According to the measured results in Figs. 15 and 16, for all the four sets of experiments in both
PSC and PSCD tests, the growth rate is the highest in Ube No. 6A sand while it is the lowest in
Glassbead2. The reason is that, for thicker shear band, it generates more displacements as local
deformation reaching a certain extent of shear strain. As a result, the growth rate of maximum
shear strain with global axial strain is lower.

4.4 Shear band inclination angle

Shear band inclination angle from the direction of the minor principal stress is often estimated
by or compared with Coulomb’s formula (45°+ ¢,,/2), Roscoe’s formula (45°+¥/2) and Authur’s
formula (45°+ ¢,,/4 + ¥ /4). Here, ¥ is the dilation angle given by Eq. (1) and ¢,, is the mobilized
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The observed inclination angles of shear band at the peak 6, and at the residual state 6,, and the
two classical solutions were summarized in Table 2. These angles were measured at the middle
part of the main shear band, and the highest value was taken if there are multiple main shear bands.
Different comparison results were given by several researchers. Finno et al. (1997) concluded that
the inclination angles in loose sands lied between Coulomb and Arthur solutions; measured results
by Alshibli and Sture (2000) were much closer to Roscoe’s solution and the result was little
influenced by relative density and particle size distribution. Fig. 17 shows comparison results on
the horizontal axis of maximum principal stress ratio R. The R value was no more than 6 in the two
glass beads and it was no less than 6 in the two sands. It is found that measured inclination angles
in the two sands are well predicted by Coulomb’s formula with errors of 0-2°. For the two glass
beads, measured values are quite close to Roscoe solutions in Glassbead2 while they lie between
Coulomb solutions and Roscoe solutions in Glassbeadl. As a result, Roscoe’s formula considering
only dilation angle underestimated the shear band inclination angles in the sands, while Coulomb’s
solution clearly overestimated the angles in the glass beads. The results revealed that the shear
band inclination angle calculation method can be different between round and irregular granules.
This needs more study in the future.

5. Conclusions

Plane strain compression tests with decreasing and constant confining pressure were performed
on two sands and two glass beads under drained condition. Local deformations inside specimens
were analyzed using the DIC method. Experimental results showed that particle shape has
significant effects on shear behavior. Some detail conclusions are summarized as below:
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* Macro stress — strain behavior is more easily influenced by stress level and stress path in the
two sands than that in the two glass beads. The more angular particle shape induced more
significant peak strength variations with stress level. For the given stress levels in this study,
the peak appeared earlier and initial stiffness was clearly higher in all the PSCD tests than
those in the PSC test for both the sands. The above differences were not found for the two
glass beads.

» Local lateral strain showed mainly extension and butterfly shaped distribution near the peak
strength. The extension was higher in the PSCD test than that in the PSC test for sands at the
same global shear strain. Shear bands already initiated before peak strength and shear band
pattern was changing during the whole shearing process.

e Under the same test condition, shear band thickness in the two sands was smaller than that
in Glassbeadl even if they have almost the same mean particle size. The Ube No.6A sand
with the most angular particle shape showed the lowest shear band thickness than the
Toyoura sand and Glassbeadl under the same test condition. Shear band thickness
decreased with increase of confining pressure regardless of particle shape or size.

* When shear band initiated, local maximum shear strain starts to increase stiffly. The
localmaximum shear strain inside shear band grew approximately linearly with global axial
strain from onset of shear band to the end of softening. The growth rate was found to be
related to shear band thickness. The wider shear band, the relatively lower the growth rate.

» The Coulomb’s formula gave pretty good predictions of shear band inclination angle for the
two sands but much overestimated the two glass beads. Shear band inclination angles were
quite close to Roscoe solutions in Glassbead2 while they lied between Coulomb and Roscoe
solutions in Glassbeadl.
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