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ABSTRACT: In this paper, the effects of compaction method on deformation and strength properties of a 
sandy soil were examined by means of triaxial and unconfined compression tests and bender element test. A 
X-ray CT scan was also employed for providing us with image of structure of two sandy soils (n.b., sample A 
and B). The undrained shear strength and dilatancy characteristics were seemingly affected by the 
compaction method employed, and also the aspect depended on the soil type. The Ghh/Gvh -value of sample A 
was larger than that of sample B. The result would mean that the Ghh/Gvh -value reflecting soil anisotropy is 
strongly related to the shear strength and dilatancy characteristics. In addition, the variation of d and Dc of 
the statically compacted specimens is more significant than that of the dynamically compacted specimens. 
These variations in terms of d and Dc may also affect the deformation and strength characteristics. 
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1. INTRODUCTION 
 

Filling structures such as road embankments, 
levee and residential land are built by compacting 
geomaterials with designated methods. Therefore, 
research results of mechanical characteristics of 
compacted geomaterials by laboratory soil 
property tests have been reported for many years. 
Focusing on compaction methods for preparing 
specimens of laboratory soil property tests (i.e. 
mechanical tests), compaction with dynamic 
methods such as impact or vibration, or static 
methods with uniform pressure without impact, 
vibration, or the like were studied. These methods 
can be translated to vibration roller (dynamic) and 
road roller (static) respectively in the field. 
According to past research on the mechanical 
characteristics of soil properties with laboratory 
tests, strength of specimens depends on the 
compaction method employed. Especially, 
difference in strength is often attributed to 
difference in soil structure. Regarding research 
results of samples containing fine fraction, Yong 
and Warkentin[1] reported that clay samples with 
shear applied in the compaction direction, which is 
perpendicular to the layer surface, show larger 
strength when compacted statically rather than 
dynamically, and those with shear applied 
perpendicular to compaction direction, which is 
parallel to the compaction layer, show the opposite 
trend, because statically compacted samples have 
oriented structure whereas dynamically compacted 

samples have random structure. Seed et al. [2] and 
Onitsuka et al. [3] reported similar results, where 
Seed et al. used a triaxial undrained shear test with 
silty clay more wet than optimum water content, 
and Onitsuka et al. used a box shear test with white 
clay. Yokohama et al. [4] reported that degree of 
compaction and water content affect strength 
characteristics and permeability, because 
horizontal and vertical array of coarse and fine 
fraction depend on degree of compaction and 
water content from experimental results using silty 
sand with low plasticity. Meanwhile, the 
relationship between anisotropy and characteristics 
of strength of soil structure of classified sandy soil 
with comparatively uniform grain size was 
reported by Oda[5], and Arthur and Menzies[6]. 
Especially, Oda examined details of large variance 
in deformation and strength characteristics, which 
is caused by the angle between the direction of 
maximum principal stress 1 and the deposition 
surface, by observing structural anisotropy of a 
particle array formed during deposition with a 
microscope for sandy soil. 

The static method for preparing specimens in 
the above-mentioned studies is usually compaction 
with a loading device using, for example, 
hydraulic pressure with a full cross section piston 
having the same diameter as the mold for specimen 
preparation. The dynamic method for preparing 
specimens is either prodding samples by a metal 
prodding bar or rammer having a smaller diameter 
than the mold for specimen preparation, or putting 
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a vibrator to the side surface of the mold for 
specimen preparation for compaction. However, 
only a few papers have reported on mechanical 
characteristics of specimens prepared by a full 
cross section piston for dynamic compaction, and 
therefore, knowledge on the mechanical 
characteristics of such specimens is very limited. 

In this research, specimens were prepared using 
different compaction methods from two types of 
geomaterials with slightly different soil properties, 
in order to examine basic mechanical 
characteristics with consolidated undrained and 
drained triaxial compression tests and unconfined 
compression test, and then a bender element (BE 
hereinafter) test was carried out to measure 
anisotropy of elasticity coefficient, which should 
reflect orientation of soil structure, for examining 
difference in deformation and strength 
characteristics in terms of soil structure. X-ray CT 
scan and observations of cross-sectional images 
were carried out to understand internal structures 
of specimens, and to explain triaxial and 
unconfined compression test, as well as BE test 
results. 

 
2. TESTING PROCEDURES  

 
2.1 Test materials and specimens 
 

Two kinds of fine-gravelly-sand used for 
expanding levees were used as samples in this 
study. Maximum grain size had been adjusted to 
Dmax = 19 mm considering specimen size for 
laboratory tests. Sample A had soil particle density, 
s = 2.67 g/cm3, liquid limit, wL = 34%, and plastic 
limit, wP = 21%, while those of sample B were s = 
2.65 g/cm3, wL = 31%, and wP = 19%. Fig. 1 shows 
grain size distribution of these samples. It can be 

seen in this figure that samples A and B have 
almost equal texture of graining, with sample B 
having slightly higher clay fraction and lower sand 
matter. Fig. 2 shows compaction curve of these 
samples obtained in accordance with the A-a 
method stipulated by JIS A 1210(Compaction 
energy, Ec = 550kJ/m3(Standard proctor)). As 
shown in this figure, samples A and B had 
different properties to a certain degree; sample B 
had larger optimum water content, wopt than 
sample A while maximum dry density, dmax 
turned out to be lower compared with that of 
sample A. 

Shapes of the specimens used in this research 
were columnar with a diameter of 10 cm and a 
height of 20 cm (hereinafter called "Cylinder 
specimen"), and a regular hexahedron with one 
side 12 cm (hereinafter called "Cube specimen"). 
In each specimen, each compacted layer had a 
thickness of 4 cm, with five layers for cylinder 
specimens and three layers for cube specimens. 
Water was added to naturally seasoned samples 
before thorough agitation to make compiled 
samples, which were then separated in two parts to 
prepare specimens with both dynamic and static 
methods. Photo 1 shows a cylinder specimen 
prepared by dynamic and static compaction and 
Photo 2 shows a preparation process of a cube 
specimen. For dynamic compaction, a compiled 
sample necessary to obtain designated dry density 
for one layer was put into the mold, and a piston 
(plunger) with almost the same cross section was 
inserted, and then hammered down the handle with 
a plastic hammer to make each layer the 

Photo.1 Preparation of cylinder specimen 
             (Left side: dynamic, Right side: static) 

Photo.2 Preparation of cube specimen 
             (Left side: dynamic, Right side: static) 
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designated height of 4 cm. As for static 
compaction, after putting the designated amount of 
compiled specimen in mold just as in dynamic 
compaction, a loading device was set to touch the 
load cell, whose piston handle had been firmly 
joined to the reaction force frame, and then the 
load table was raised to a designated height 
manually. The surface was scratched so that layer 
boundaries would adhere well with each other. 

 
2.1 Test program 
 

Table 1 shows a summary of test conditions. 
Regarding deformation and strength characteristics, 
cylinder specimens with diameter of 10 cm and 
height of 20 cm were used for both samples A and 
B, which were subjected to a consolidated 
undrained triaxial compression test. Consolidated 
drained triaxial compression tests were also carried 
out with sample B, which was further subjected to 
an unconfined compression test using the cube 
specimen to examine the effect on strength 
anisotropy. These tests all complied with JGS 
(Japanese Geotechnical Society) test standards. In 
triaxial tests, the compacted soil specimen was 
sealed with a rubber membrane in the triaxial 
apparatus. The sealing conditions were checked by 
observing air bubbles in a water tank placed 
between a specimen and a vacuum pump when 
applying a negative back pressure of around 20kPa. 
The cell was then filled with de-aired water. The 
specimen was flushed by supplying distilled water 
from the bottom of the specimen over a period 
more than 12 hours. Then, the back pressure was 
decreased to 90kPa in negative against the cell 

pressure of 70 kPa in negative with which the 
effective confining pressure was maintained to be 
the constant value of 20 kPa. The cell pressure, c 
and the pore water pressure, uw were both raised 
simultaneously to 220 kPa and 200kPa, and the B 
values for all the specimens were measured by 
showing the values greater than 0.96. After the 
sample was saturated, it was isotropically 
consolidated to the effective consolidation stress, 
p' equal to 50, 100 and 150 kPa, respectively After 
the consolidation process, the sample was sheared 
undrained or drained in compression by using the 
axial strain rate of da / dt = 0.05%/min 
(Undrained condition), 0.02%/min (Drained 
condition), up to the axial strain, a of 15 %. 

Elastic shear modulus, G was also measured by 
BE test mainly to confirm orientation of soil 
structure. With sample A, specimens were 
prepared separately for BE test and mechanical test. 
For sample B, BE test was carried out with a cube 
specimen right before the unconfined compression 
test. Photo 3 shows a sample B subjected to BE 
test using a tool to enable fixing of BE at a 
designated position. Because it was extremely 
difficult to insert BE to this specimen, the tip of 
the BE was fixed at the specimen surface. Fig. 3 
shows one example of BE test results. To calculate 
G from the test results, we basically complied with 

Cube specimen 
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Photo.3 Bender element test for cube specimen 

Fig.3 Example of bender element test result 
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the method recommended by JGS 0544:2011 
“Method for laboratory measurement of shear 
wave velocity of soils by bender element test” [7]. 

Fig. 4 shows types of shear wave detected with 
cylinder and cube specimens, and names of values 
of G obtained thereby. In this study, Ghv was 
defined as modulus of transverse elasticity 
obtained for elastic-wave propagating 
perpendicular to the layer surface, which is 
perpendicular to the compaction direction, while 
vibrating horizontally along the layer surface; Ghh 
was defined as that for waves vibrating and 
propagating horizontally; and Gvh that for waves 
vibrating perpendicularly while propagating 
horizontally. Incidentally, we interpreted test 
results assuming that Ghv and Gvh are identical in 
accordance with orthotropic elastic theory. Each G 
value was measured at multiple positions to obtain 
rigidity distribution within layers and boundaries 
for some of the specimens. 

Sample A was subjected to X-ray CT scan to 
observe internal structure of the specimen. A 
specimen with diameter of 5 cm and height of 10 
cm was used here to increase accuracy of the scan 
results. Output data obtained by X-ray CT scan are 
called GL (Gray Level) values, which are integer 
values of 16 bit (0 to 65535) for each voxel, and 
are roughly proportional to average density of 
material within the voxel [9]. Utilizing this 
proportionality, the relationship between GL value 
and d value was obtained beforehand by 
measuring specimens with known d values to 
determine conversion formula from GL value to d 
value. With this conversion formula, height-wise 
variation of d and Dc of specimens was observed. 

Regarding observation of the cross-section of a 
sample B specimen, on the other hand, a separately 
prepared specimen was solidified to prevent soil 
structure from falling apart and to observe cutting 
plane with a scanner. The specimen was immersed 
for several days in paraffin maintained at about 
110°C to replace pore air and water with paraffin 
having a melting point of 70°C, before cooling 
down to solidify, and then the specimen was cut 
with a rock cutter [10]. A large amount of air was 
emitted from the specimen at the onset of 
immersion in paraffin, but the surface of the 
specimen remained stable. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Triaxial and unconfined compression test 

 
Fig. 5 shows consolidated undrained triaxial 

compression test results of samples A and B 
comparing relation between deviator stress, q and 
axial strain, a and the relation between excess 
pore water pressure, u and a at undrained shear 

after consolidation to p' = 100 kPa. For both the 
dynamic and static specimens, maximum deviator 
stress qmax was larger with sample A than with 
sample B. qmax of static specimen was larger than 
that of dynamic specimen for all samples, and with 
specimen A, qmax of the static specimen was about 
two times that of the dynamic specimen. However, 
qmax of the static specimen of sample B was only 
about 10% larger than that of the dynamic 
specimen, indicating that the effect of compaction 
method to deformation and strength characteristics 
was much smaller as compared with sample A. 
When focusing on generation behavior of u, 
static and dynamic specimens of sample A showed 
quite different behavior, where negative u was 
generated with a static specimen having a large 
qmax. On the other hand, such large difference of 
generation behavior of u depending on 
compaction method was not observed with sample 
B. Fig. 6 shows consolidated results of drained 
triaxial compression tests carried out with sample 
B. Both relationships between q and a, and 
dilatancy characteristics showed very little 
dependency on compaction method, and qmax 
showed the opposite trend as compared with 
undrained triaxial compression test results, where 
it was somewhat larger with dynamic specimens. 

Fig.5 Results of consolidated undrained triaxial 
compression test (p' = 100kPa) 
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Table 2 is a summary of unconfined 
compression test results carried out on sample B 
and physical properties of the specimen. 
Specimens having the same number as their names 
were made from the same water content compiled 
sample; D and S denote dynamic and static 
compaction; and V and H denote vertically and 
horizontally loaded to the compaction layer, 
respectively. Wet density, t was measured with 
the specimen immediately before the unconfined 
compression test, and water content, w was 
measured with the specimen after the unconfined 
compression test. As can be seen here, calculated 
dry density, d from these results distributed from 
1.80 to 1.84 against the target value of 1.83, and w 
distributed from 12.4 to 14.0 against the target 
value of 13.2. Fig. 7 shows the relationship 
between axial stress,  and axial strain,  obtained 
from the unconfined compression test carried out 
on a cylinder specimen. As can be seen in this 
figure, the specimen made by dynamic compaction 
(hereinafter called "Dynamic specimen") had 
larger unconfined compression strength, which is 
different from what had been reported in earlier 
papers [2][3]. In all cases the dry density of 
specimens shown here is larger with dynamic 
specimens (see Table-2), but when we compare 
strength of the cube specimens 3DV and 3SV, and 
5DV and 5SV, which are each made from 
compiled sample with the same water content, the 
dynamic specimen showed larger strength by about 
10% despite the opposite trend of dry density 
value. Among specimens made from compiled 
samples with the same water content, dynamic 
specimens showed larger strength regardless of 

specimen shape or load direction; one 
interpretation is that even when density and water 
content are equal, a dynamic specimen has at least 
10% larger strength as compared to a specimen 
made by static compaction (hereinafter called 
"static specimen"). This means that dynamic 
specimens may have larger strength with certain 
samples or shearing methods. Although each 
specimen is made so as to have equal density 
(height of specimen), since wet and dry density 
with most of the static specimens were smaller as 
compared with the dynamic specimens, samples 
must have expanded during specimen making and 
start of the tests. Incidentally, according to results 
of consolidated undrained triaxial test carried out 
with saturating specimens made by the same 
method, compression amount of recompression of 
static specimens was larger than for dynamic 
specimens, which further supports this inference. 
Static specimens showed more dilatancy trend at 
shearing of consolidated undrained and drained 
triaxial compression test results as shown in 
Figures 5 and 6, and undrained shearing strength 
with static specimens was about 15% larger on 

Fig.7 Relationship between q and  of cylinder 
specimens 
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Table.2 Results of unconfined compression test and wet density, dry density, water content of specimens 

Specimen 
Wet density 
t (g/cm3) 

Dry density 
d (g/cm3) 

Water content 
w (%) 

Unconfined compression 
strength, qu (kPa) 

Ratio of qu 
(Dynamic/ Static) 

Cy-1DV 2.06 1.83 12.6 180 
1.15 

Cy-1SV 2.05 1.82 12.8 157 
Cy-2DV 2.07 1.84 12.7 191 

1.19 
Cy-2SV 2.05 1.82 12.7 160 
Cy-3DV 2.07 1.83 12.9 218 

1.31 
Cy-3SV 2.05 1.82 13.0 167 
Cu-1DV 2.07 1.81 14.0 283 

1.39 
Cu-1SV 2.06 1.80 14.0 203 
Cu-2DH 2.07 1.82 13.8 189 

1.25 
Cu-2SH 2.05 1.80 13.9 151 
Cu-3DV 2.05 1.81 12.9 332 

1.08 
Cu-3SV 2.05 1.82 13.0 308 
Cu-4DH 2.06 1.81 13.8 189 

1.24 
Cu-4SH 2.05 1.80 13.9 152 
Cu-5DV 2.04 1.81 12.5 339 

1.07 
Cu-5SV 2.04 1.82 12.6 317 
Cu-6DH 2.03 1.81 12.4 257 

1.15 
Cu-6SH 2.02 1.80 12.5 223 
Cu-7D 2.07 1.83 13.0 - 

- 
Cu-7S 2.04 1.81 13.0 - 

Cy: Cylinder specimen, Cu: Cube specimen, D: Dynamic method for compaction, S: Static method for compaction 
V: Load direction is vertical to compaction layer, H: Load direction is horizontal to compaction layer
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average. Conditions of unconfined compression 
test in this study were rather close to drained and 
exhausted conditions, since strain rate was 
comparatively small (da/dt = 0.8%/min), and 
considering that relationship of strength changed 
with drainage conditions, dilatancy was closely 
related to the difference in strength between static 
and dynamic specimens of the samples. However, 
difference in dilatancy and shear strength at 
undrained shearing was much smaller than in the 
control samples, and therefore, the cause of the 
difference cannot be readily deduced. 

Fig. 8 shows comparison of relationship 
between σ and  of cubes of 3DV, 3SV, 5DV, 
5SV, 6DH, and 6SH, which showed 
comparatively small w and d difference. If load 
direction is the same against layer surface, strength 
with the dynamic specimen is larger, and, as is 
widely known, if the preparation method is the 
same it is more brittle and has larger strength when 
loaded perpendicular to the layer surface. Onitsuka 
et al. [3] had shown that strength anisotropy had 
become opposite with static and dynamic 
specimens with white clay, but this trend was not 
seen with sample B. 

Fig. 9 shows comparison of unconfined 
compression strength results obtained with cube 
specimens. As is widely known, strength tends to 
be larger when w of specimen is slightly smaller 
than wopt. It can also be seen here that strength 
anisotropy of dynamic and static specimens is not 
much different with this sample; this is different 
from what had been reported earlier, that static 
specimens have larger anisotropy because of 
orientated structure. 

The series of triaxial and unconfined 
compression test results reveal that influence of 
compaction method to deformation and strength 
characteristics varies greatly even with samples 
having similar grain size distributions. 
Additionally, when compaction method affect 
deformation and strength characteristics, dilatancy 
behavior changed depending on compaction 
method, and considering that relationship of qmax 
value changed with drainage conditions, it could 
be seen that difference in deformation and strength 
characteristics depending on compaction method is 
closely related to dilatancy. 
 
3.2 Bender element test 
 

Fig. 10 shows comparison of BE test results 
carried out with samples A and B. If Ghh/Gvh, 
which is shown as slope of line in the graph, is 
larger than 1, it is interpreted that the sample has 
oriented structure, with the degree of orientation 
increasing with slope [10]. When looking at the 
difference between samples, Ghh/Gvh of sample A 
was 20 to 30% larger than that of sample B. This 

result was consistent with qmax trend of undrained 
triaxial test results. When focusing on compaction 
method, Ghh/Gvh of the static specimen was slightly 
larger than that of the dynamic specimen with 
sample A. With sample B, on the other hand, 
Ghh/Gvh was almost the same for both compaction 
methods, which was also consistent with qmax trend 
with triaxial compression test results. Therefore, 
degree of anisotropy arising from preparation 
method of specimens is closely related to 
difference in dilatancy behavior and strength 
characteristics. 

Fig. 11 shows results of BE test carried out 
with cube specimens of sample B to understand 
details of height-wise distribution of G. As can be 
seen in this figure, G of static specimens is 
generally smaller; dynamic specimens have larger 
dispersion; and the value tends to be larger for 
lower layers. Since elastic-waves tend to propagate 
along the harder part, the above-mentioned 
difference cannot be directly attributed to strength 
difference, but it may be possible to infer that the 

Fig.9 Relationships between unconfined 
compression and water content 
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strength difference is induced by not only 
dilatancy during shearing, but also rigidity at the 
initial stage. 
 
3.3 X-ray CT scan and cross-section structure 
 

Fig. 12 shows a comparison of X-ray CT scan 
images of dynamic and static specimens of sample 
A. Fig. 13 shows comparison of height-wise 
distribution of d and Dc converted from GL values 
of these specimens. Table 3 further summarizes 
standard deviation of Dc calculated for a thickness 
of 20 mm of the 4th, 3rd, 2nd ((1), (2), (3)) layers, 
and 10 mm of each layer including boundary 
layers ((4), (5), (6), (7)) to compare details of 
dispersion of Dc shown in Fig. 13. Standard 
deviation indicates degree of dispersion of values 
within a certain range, and as this value becomes 
larger, so does the dispersion. Standard deviation 
of each layer ((1), (2), (3)) and cross-section 
including boundary layers ((4), (5), (6), (7)) show 
that dispersion is mostly constant except for the 
lower part of the specimen, and that dynamic 
specimens have larger standard deviation than the 
static ones. This shows that height-wise 
distribution of density of dynamic specimens is 
less uniform than that of static specimens, which is 
consistent with the results obtained from Fig. 11. 

Fig. 14 shows a comparison of cross-sectional 
images of dynamic and static specimens of sample 
B specifically prepared for the observation to 
examine particle array within the specimen, and 
illustrations of particles of a specified size 
extracted from the cross-sectional images. In this 
figure, each layer is further divided into three sub-
layers, and the contour figure of the sum of 
number of particles with longer side measuring 5 
mm or more is also shown. Next to the contour 
figure is total number of particles. As can be seen 
from the results, with dynamic specimens, darker 
areas of the contour figure are situated mostly in 
the center to the lower part of each layer, and 
gravel with large grain size seemingly distributes 
in the center to lower layers. This is also consistent 
with the results shown in Fig. 11, and may suggest 
that non-uniformity of height-wise density and 
rigidity are part of the causes for strength 
difference. 

 
4. CONCLUSION 
 

In this study, we compacted two types of 
geomaterials, which were classified as fine-
gravelly-sand, by dynamic and static methods 
using a full cross section piston, which had not 
been studied much so far, and carried out 
consolidated undrained and drained triaxial 
compression tests, unconfined compression tests, 
BE tests, and observations within specimens, 

focusing on soil structure and anisotropy in order 
to investigate differences in deformation and 
strength characteristics by compaction method and 
causes of such differences. Obtained results are 
summarized as follows. 

Fig.11 Profile of G for sample B 
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Fig.12 X-ray CT image for sample A 
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Fig. 13 Profile of d and Dc for sample A 
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(1) 60 ~ 80 1.42 0.89 

(2) 40 ~ 60 1.41 0.38 

(3) 20 ~ 40 1.44 1.73 

(4) 75 ~ 85 1.44 0.72 

(5) 55 ~ 65 0.85 0.82 

(6) 35 ~ 45 1.81 1.06 

(7) 15 ~ 25 0.52 0.69 

Table-3 Summarizes of standard deviation of 
Dc for sample A 
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1) Difference in strength of static and dynamic 
specimens can be very large even with samples 
having similar grain size distribution. 

2) Dilatancy seems to be closely related to 
deformation and strength characteristics 
difference due to compaction methods. 

3) Maximum deviator stress qmax obtained from 
undrained triaxial compression tests and the 
relationship of values of Ghh/Gvh, which 
represents orientation of soil structure, 
obtained from BE tests were consistent, 
suggesting that degree of orientation of soil 
structure affects dilatancy behavior and 
difference of strength. 

4) Dynamic specimens show larger dispersion of 
height-wise G, and the value becomes larger 
for lower layers. These results are consistent 
with X-ray CT scan results and cross-sectional 
images, suggesting that height-wise density 
and non-uniformity of rigidity might also be 
part of the causes for strength dispersion. 
 
Incidentally, load stress at compaction (i.e. pre-

compaction pressure) might affect these test results. 
It is important to obtain pre-compaction pressure 
by consolidation test at high stress level for 
quantitative interpretation of the test results, which 
we could not carry out in this study due to 
limitations on the performance of test equipment. 
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Fig.14 Cross-sectional images and particle array 
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