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Abstract: Widely-graded gravelly soil is composed of gravelly and clayey material in a certain proportion. It has the characteristics 

of low compressibility and high shear strength. At present, it is widely used as the core material for embankment dams and subgrade 

filling. Due to the low permeability of well-graded gravelly soil, the consolidation process is slow in conventional consolidated- 

drained (CD) triaxial tests, resulting in a long test period. In order to improve the efficiency of consolidation process, a quick triaxial 

CD test method with cylindrical sand core in the center of specimen is proposed in this paper. A comprehensive study on the influence 

of various factors on the quick triaxial CD test of well-graded gravelly soils is performed by changing types of sand cores, diameters 

of core sand cylinder and gravel contents. Results show that the proposed quick triaxial CD test method can effectively accelerate the 

consolidation process of the specimen, thus speeding up the whole test. Various factors including type of sand core, diameter of core 

sand cylinderand gravel content show different levels of influence on the speed of consolidation process and the stress-strain curve in 

the subsequent shearing stage. The smaller the diameter of the sand core is, the closer the test results are to those of specimens 

without sand cores. 

Keywords: widely-graded gravelly soil; quick triaxial CD test; sand core cylinder specimen; type of sand cores; gravel content 

 

1  Introduction 

Widely-graded gravelly soil is a soil-rock mixture that 
is composed of a wide range of particle grading. Its 
particle sizes range from clayed particle (particle size 
d≤0.005 mm) to coarse gravel (20 mm <d≤60 mm) 
and even cobble (60 mm<d≤200 mm). It includes all 
soil-rock mixtures with an intermediate particle size 
and with a coefficient of uniformity from 100 to 1,000. 
Such mixtures have mechanical properties such as low 
permeability, low compressibility and high shear strength. 
Widely-graded gravelly soil has been widely adopted 
as impervious material for core wall in some high 
earth- rock dams in China and other parts of the world. 
For example, it was used in the Nuozhadu high-core 
rockfill dam (dam height is 261.5 m) in China, the Nurek 
high-core earth-rock dam (the height of the dam is 
300.0 m) and the Rogun high-core earth-rock dam (the 
highest dam in the world with a height of 335.0 m), etc. 

Up to date, the mechanical properties of widely-graded 
gravelly soils have been studied by many researchers 
all over the world. These mechanical properties include 

the compaction properties[1−4], permeability[5−7] and shear 
strength[8−11]. Some researchers also came up with cons- 
titutive models[12−14] to obtain a more comprehensive 
understanding of the mechanical properties of widely- 
graded gravelly soils. 

Triaxial test is considered as an important means 
of understanding the mechanical properties of soil and 
obtaining its mechanical parameters. However, for widely- 
graded gravelly soils, due to their low permeability (for 
example, as the core material of earth-rock dams, the 
permeability is generally lower than 1×10−6 cm/s), the 
consolidation efficiency is low, leading to long period 
for triaxial tests, which is very unfavorable for laboratory 
testing for research purposes and also in practical engineering 
applications. At present, a couple of researchers have 
made some useful explorations in accelerating the drainage 
process of triaxial tests. Sivakumar et al.[15] conducted 
consolidated-undrained (CU) triaxial tests by adding 
sand columns of different lengths to the center of soft 
soil specimens to study their consolidation and stress− 
strain characteristics. Xu et al.[16] carried out drilling 
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and sand filling on the triaxial specimens of gravelly 
soil and tested three specimens with different sand well 
replacement ratios, namely, 0-hole, 5-hole, and 1-hole 
in consolidated-drained (CD) tests. In the test, the drainage 
effects in both consolidation and shearing stages of 
specimens with and without sand wells were compared, 
and the influence of sand wells with low replacement 
ratio on the stress−ingstrain curve was evaluated. We 
proposed a quick method for triaxial CD tests[17−18], 
which is to reserve a slender cylindrical space in the 
center of the specimen during sample preparation, and 
then fill it with standard sand with better permeability 
to form a cylindrical sand core drainage channel. This 
method speeds up the drainage of the specimen and 
achieves the purpose of quick testing. 

The consolidation curves, stress−strain curves and 
Duncan-Chang model parameters of specimens with 
and without sand cores in the fast triaxial CD tests [18] 

are compared. Results preliminarily confirmed the 
effectiveness of the method. However, some aspects 
remain to be unclear and require further study. These 
include the specific impact of different types and sizes 
of sand cores on the quick triaxial CD tests, and how 
to choose these factors in the actual application. 

This paper intends to present a series of quick triaxial 
CD comparison tests to analyze the impact of different 
influencing factors such as the types and sizes of sand 
cores and gravel contents, on the completion time and 
mechanical properties of the quick triaxial CD tests of 
wide grading gravelly soils. Results will work as a 
reference for practical industrial applications. 

2  Introduction to the quick triaxial CD test 
method 

In the quick triaxial CD test method[18], the cylindrical 

specimen in conventional triaxial tests is modified to a 

cylindrical specimen with a slender cylindrical sand core 

in the center, as shown in Fig. 1. With the high permeability 

of sand, the core forms a good drainage channel to speed 

up the drainage process and accelerates the whole process 

of triaxial CD test including consolidation and shearing. 

In the quick triaxial CD test, the confining pressure 

is still applied to the sand core cylindrical specimen in 

consolidation process as in the conventional triaxial 

test method. After the consolidation is completed, the 

shear rate of the shearing process is determined according 

to the consolidation curve. Since the sand core in the 

center of the specimen can effectively accelerate drainage 

and the dissipation of pore water pressure, the shear 

rate in the shearing process can also be greatly increased. 

As a result, triaxial tests can be completed more quickly. 

Studies have shown that the stress−strain curves measured 

in quick triaxial CD tests are in good agreement with 

those in conventional triaxial tests. Shear strength indexes 

and Duncan-Chang model parameters of the two are 

also very close [19]. 
 

 
Fig. 1  Schematics of sand-core cylindrical  

specimen for quick CD test 
 

3  Quick triaxial CD tests under different  
influencing factors 

3.1 Tested soil 
The soil material used in the experiment is widely- 

grading gravelly soil, which is a mixture of clayey and 
gravelly materials. The amount of gravel mixed in this 
paper is represented by P5 (referring to the content of 
particles larger than 5 mm). The clayey material was taken 
from the cohesive residual soil in granite in Pingtan 
comprehensive test area, Fujian Province. The particles 
larger than 5 mm were remove from clayey material 
first prior to test. Its fundamental physical properties 
are shown in Table 1. The gravelly material was artificially 
mined crushed stone from granite. Its original particle 
size distribution is shown in Table 2. The maximum 
allowable particle size of the medium triaxial specimen 
(diameter D=101 mm, height H=200 mm) is 20 mm, 
and the allowable maximum particle size of the small 
triaxial specimen (diameter D=61.8 mm, height H= 
125 mm) is 5 mm. The amount of the oversized material 
in the triaxial specimens in this paper is not more than 
50%, and the equal amount substitution method is 
used directly for treatment of oversized materials. The 
equivalent substitution method[19] is to replace the 
oversized materials by equal weight with coarse materials 
from the allowable maximum particle size dmax to 5 mm, 
by weighted average method according to the content 
of each particle size fraction. However, if the amount 
of the oversized material in the small triaxial specimen 
is greater than 50%, the equal-quantity substitution method 

Soil 
Sand core 
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cannot be directly used for treatment of oversized materials. 
Instead, the hybrid method [19] can be used. In this method, 
the similar grading method is used for scaling first, 
and then the equal amount substitution is used to treat 
the remaining oversized materials. After the oversized 
material is processed, the particle size distribution of 
the gravelly material used in this experiment is shown 
in Table 2. 

 
Table 1  Fundamental physical properties of clay 
Specific 
gravity 

Gs 

Density 

 /(g·cm−3) 
Water content 

w /% 
Void ratio 

e 

Liquid 
limit 
wL /% 

Plastic 
limit 
wp /% 

2.67 1.88 35.1 0.929 46.1 31.2 

 
Table 2  Grain size distribution of gravel 

Particle size  
/mm 

Percentage in the 
original soil /% 

Percentage used in 
medium triaxial 

tests /% 

Percentage used in 
small triaxial tests 

/%

40−20 0.49 0 0 
20−10 5.79 5.83 0 
10−5 60.85 61.30 0 
5−2 25.85 25.85 74.30 
2−1 2.33 2.33 18.45 

1.0−0.5 2.69 2.69 2.49 
<0.5 2.00 2.00 4.76 

 
3.2 Sample preparation 

The sample preparation method of the quick triaxial 
CD test is different from that of the conventional triaxial 
CD test. When preparing the sample, a vertical rod must 
be added to the center of the sample to leave space for 
filling the cylindrical sand core later. In order to minimize 
the influence of the central sand core on the test, it should 
be ensured that the diameter of the round rod is less than 
or equal to D/5. When preparing the soil samples, weigh 
the clayey and gravelly materials required for each sample 
in 5 equal parts, mix the clayey and gravelly materials 
one by one, add water to achieve the required water content 
and stir evenly to prepare 5 mixture in the same way. 
Samples should be always kept warm and moisturized. 
When preparing the sample, the sample is compacted 
in 5 layers. Each part of the mixture is put into the sample 
preparation cylinder in 3 times to ensure the uniform 
distribution of large gravelly particles before it is compacted 
into 1 layer. A steel ruler is used for measurement to ensure 
that the height of each layer is equal after compaction. 
During the entire sample preparation process, efforts 
should be made to ensure the uniformity of the sample 
and the large gravelly particles. After compacting the 
first layer of soil around the round rod, pull out the 
vertical round rod, fill a thin layer of clay at the bottom 
of the round hole to ensure that the center sand core 
does not leak out, then fill the round hole with sand 

and press to achieve the required dry density. Scrape 
the surface of the first layer of soil with a scraper, then 
place the round rod vertically again back to the center 
of the sample, after that, pour the second layer of soil 
and compact the second layer, pull out the vertical round 
rod, fill the round hole with sand and press to achieve 
the required dry density, and so on. In the end, a sample 
with a cylindrical sand core is created as shown in Fig.2. 
Finally, put the sample into the saturator, and then put 
it into the pumping cylinder for vacuum saturation. The 
pumping time is more than 2 hours and the underwater 
standing time is more than 10 hours [20]. 

 

 
Fig. 2  Triaxial specimen with cylindrical  

drainage sand core 
 

3.3 Testing method 
The quick triaxial CD test of widely-graded gravelly 

soil is mainly affected by the sample size, sand core, 
gravel content and other factors. Therefore, the research 
plan mainly considers the influence of four factors on 
the consolidation speed in quick triaxial CD tests of 
widely-graded gravelly soils. These four factors are sample 
sizes, types of sand cores, sand core diameters and gravel 
contents. At the same time, the conventional triaxial CD 
tests with different sample sizes and different gravel contents 
were carried out to compare with the quick triaxial CD 
tests. The specific test plan is shown in Table 3. During 
the test, quick triaxial CD tests were performed on the 
medium-sized triaxial samples, coarse sand core, sand 
core diameter D/5 and gravel content of 30% as the 
benchmark test. When analyzing the impact of a certain 
influencing factor, only the test conditions related to 
that factor were changed, while other factors remained 
unchanged for controlling variables. For instance, when 
considering the influence of different gravel contents, 
only the gravel content was changed, while other benchmark 
test conditions such as medium-sized sample, coarse 
sand core and sand core diameter of D/5 were used for 
comparative tests. The same applies for other testing 
conditions as well. The sand cores used in the test are 
divided into two types, namely, coarse and fine sand. 

 Sand core 
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The grain size of coarse sand is 0.2−0.5 cm, and the 
grain size of fine sand is 0.075−0.25 cm. The permeability 
coefficients of the two types of sand are 2.492×10−1 
and 3.146×10−3 cm/s, respectively. The dry density of the 
coarse sand core and the fine sand core are controlled 
to be consistent, with the dry density of both sand cores 
equal to 1.6 g/cm3. In order to facilitate the comparative 
study, this article does not consider the influence of 

different shear rates. The same shear rate is used in all 
triaxial tests performed in this research. The chosen 
shear rate is determined based on the consolidation 
and drainage process, using the empirical formula of 
duration of shearing stage proposed by Gibson[18, 20]. 
The value of shear rate in this research is chosen to be 
0.012%/min. Tests are terminated when the axial strain 
reaches 15%. 

 

Table 3  Testing schedules of triaxial CD test on widely-graded gravelly soil  

Type of test Type of triaxial test 
Sample size 

Type of sand cores 
Diameter of 
sand cores ds 

Gravel contents 
P5 /% 

Confining pressure
3 /kPa Diameter D /mm Height H /mm

Quick triaxial 
CD test 

Small triaxial test 61.8 125 Fine sand, coarse sand
D/12，D/10，

D/8，D/5 20，30，40，50 200，400，600，800

Medium sized 
triaxial test 101.0 200 Fine sand, coarse sand

D/12，D/10，
D/8，D/5 20，30，40，50 200，400，600，800

Conventional 
triaxial CD test 

Small triaxial test 61.8 125 No sand core 0 20，30，40，50 200，400，600，800

Medium sized 
triaxial test 101.0 200 No sand core 0 20，30，40，50 200，400，600，800

 

4  Analysis of test results 

4.1 The influence of types of sand core 
Taking the medium-sized triaxial tests with 30% 

gravel contents as an example, quick triaxial CD tests 
were performed on medium-sized triaxial samples with 
different types of sand cores (coarse sand, fine sand) 
under different confining pressures. The corresponding 
consolidation curves are shown in Fig. 3. It can be seen 
from Fig. 3 that under the same confining pressure, the 
consolidation time (in Fig. 3, the time when the conso- 
lidation displacement reaches a steady value [20]) for 
middle-sized triaxial tests with coarse sand cores is 
shorter than that of tests with the same sample size but 
fine sand cores. In other words, if other conditions are 
kept to be the same, consolidation occurs more quickly 
when coarse sand cores are used. For the same type of 
sand core, as the confining pressure increases, the 
water volume V that needs to be drained out increases, 
the consolidation time t becomes longer accordingly. 
 

 
Fig. 3  V-t curves of medium-sized consolidated-drained 

triaxial tests with different types of sand cores（P5 =30%） 

Table 4 lists the consolidation completion time of 

samples with different sand cores. It can be seen from 

Table 4 that as the confining pressure increases, the 

consolidation completion time of samples with different 

sand cores increases. By comparing the consolidation 

completion time of samples with two different sand 

cores (expressed as tfine sand/tcoarse sand), it can be seen 

that the consolidation completion time of samples with 

fine sand cores tfine sand is longer than that of samples 

with coarse sand cores tcoarse sand, and the ratio between 

the two values is about 1.20. Figures 4 and 5 show the 

stress−strain, volumetric deformation−axial deformation 

curves of medium-sized triaxial tests with different types 

of sand cores, with 30% gravel content. It can be seen 

from Fig.4 that with the continuous increase of axial 

strain, the greater the confining pressure, the greater 

the deviatoric stress. Curves of the medium-sized triaxial 

CD tests with coarse and fine sand cores basically coincide. 

Figure 5 illustrates that for tests with either coarse or 

fine sand cores, the volumetric strain increases with the 

increase of axial strain under the same confining pressure, 

and the sample exhibits contraction under shearing. The 

greater the confining pressure, the more obvious the 

contraction. The volumetric strain of the medium-sized 

triaxial samples with coarse and fine sand cores are 

roughly the same. 

Based on the above analysis, it can be inferred that 

different sand cores have significant effects on the 

consolidation process in triaxial tests, but if the same 

shear rate is used in the shearing process, the difference 

in stress−strain curves is small. 

10−1 100 101 102 103
120 

100 

80 

60 

40 

20 

0 

V
 /m

L
 

t /min 

Fine sand, 3=200 kPa 
Fine sand, 3=400 kPa 
Fine sand, 3=600 kPa 
Fine sand, 3=800 kPa 
Coarse sand, 3=200 kPa 
Coarse sand, 3=400 kPa 
Coarse sand, 3=600 kPa 
Coarse sand, 3=800 kPa 
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Table 4  Consolidation time of triaxial tests on specimens  
with different sand cores 

Confining 
pressure /kPa 

Consolidation completion time /mm 
tfine sand /tcoarse sand

tfine sand /min tcoarse sand /min 

200  40  35 1.14 
400  60  50 1.20 
600 100  80 1.25 
800 150 130 1.15 

 

 
Fig. 4  Stress−strain curves of medium-sized triaxial CD 

tests with different types of sand cores  

 

 
Fig. 5  Volumetric strain−axial strain curves of medium- 
sized triaxial CD tests with different types of sand cores 

 

4.2 The influence of core diameters 
In order to investigate the effect of different sand 

core diameters on sample consolidation, consolidation 
curves of medium-sized and small triaxial samples with 
different sand core diameters (D/5, D/8, D/10, D/12, 0) 
are plotted. The tests with confining pressure of 600 kPa 
are analyzed as examples, and consolidation curves are 
shown in Figs. 6 and 7. It can be observed from the 
figures that the larger the diameters of the sand core in 
the medium-sized and small triaxial specimens, the 
shorter the consolidation completion time, that is, the 
faster the consolidation. In order to compare the effect 
of different sand core diameters on the speed of conso- 

lidation, consolidation completion time of samples with 
different sand core diameters is plotted in Fig. 8. Without 
sand cores, the consolidation completion time of medium- 
sized triaxial samples is much longer than that of the 
small triaxial samples. With the increase of sand core 
diameter, the difference in the consolidation completion 
time between the medium-sized and small triaxial tests 
is significantly reduced. However, the consolidation 
completion time of the medium-sized triaxial tests is 
still longer than that of the small triaxial tests. 
 

 
Fig. 6  V-t curves of medium-sized triaxial (CD) tests with 

different sand core diameters (3 =600 kPa) 
 

 
Fig. 7  V-t curves of small triaxial (CD) tests with different 

sand core diameters (3 =600 kPa) 
 

 
Fig. 8  Consolidation time for specimens with different  

sand core diameters 
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Figures 9 and 10 show the stress−strain, volume 
deformation and axial deformation curves of the medium- 
sized triaxial CD tests with different sand core diameters. 
Figures 9 and 10 illustrate that the stress−strain curves 
of the medium-sized triaxial specimens with different 
sand core diameters exhibit strain hardening behavior. 
From no sand core to sand core diameter of D/12 to sand 
core diameter of D/5, the larger the sand core diameter, 
the larger the peak deviatoric stress of the sample. This 
shows that as the diameter of the sand core increases, 
that is, more sand particles are filled in the core, the 
impact on the overall mechanical strength of the sample 
increases, resulting in a larger peak deviator stress. As 
for the volumetric strain of the test, as the sand core 
gradually increases, the corresponding volumetric strain 
becomes smaller and smaller. This suggests that the sand 
core used in this paper is different from the experimentally 
used widely-graded gravelly soil in terms of their perfor- 
mance in mechanical deformation. Its existence affects 
the deformation of the original soil. The larger the sand 
core diameter, the greater the impact on the test results. 
The differences in Figs. 9 and 10 show that the larger 
the diameter of the sand core, the greater the impact on 
the deviatoric stress and volume deformation. Sand cores 
used in this research work as a type of ‘reinforcement’ 
in the shearing stage. The larger the volume of sand 
cores, the larger the peak deviator stress, and the smaller 
the volume change. Therefore, in practical applications, 
the diameter of the sand core should be reduced as much 
as possible. At the same time, it can also be considered 
to reasonably reduce the dry density of soils used for 
sand cores to reduce their ‘reinforcement’ effect. In 
addition, it is advised to try to find the ideal sand core 
with its properties close to the tested soil. The stress− 
strain and volume change curves of the small triaxial 
specimens are roughly the same as those of the medium- 
sized triaxial specimens. The results are not repeated 
again in this paper. 
 

 
Fig. 9  Stress−strain curves of medium-sized triaxial CD 

tests with different sand core diameters 

 
Fig. 10  Volumetric strain−axial strain curves of 

medium-sized triaxial CD tests with different  
sand core diameters 

 

4.3 The influence of gravel contents 

In this section, the test of =600 kPa is still taken as 

an example for analysis. The consolidation curves of 

the medium-sized triaxial tests are summarized and 

shown in Fig. 11. It can be observed from the figure 

that whether it is a triaxial sample with or without a sand 

core, the consolidation completion time in the triaxial 

test decreases with the increase of the gravel content in 

the sample. The reason is that the widely-graded gravelly 

soil has three structures, namely, suspended−compact, 

compact−skeleton and skeleton−void structures[17]. When 

the gravel content is 20%, the widely graded gravelly 

soil has a suspended−compact structure. In other words, 

there is considerably amount of fine-grained soil but a 

little coarse-grained soil in the sample. The coarse-grained 

soil is "suspended" in and wrapped by fine particles. The 

sample’s engineering properties are biased towards fine- 

grained soils, showing low permeability. Under such 

circumstances, it takes about 400 minutes to complete 

the consolidation stage in the triaxial test. As the amount 

of gravel increases to 30%−40%, the wide-graded gravelly 

soil presents a compact−skeleton structure. In micro scale, 

the coarse particles show point to surface contact, the 

coarse particles begin to act as the skeleton of the soil 

and the fine-grained soil can fill the pores. As a result, 

permeability of the soil becomes larger. The consolidation 

completion time in the triaxial test is about 200−300 min. 

As the gravel content continues to increase and reaches 

50%, voids between coarse particles cannot be completely 

filled by fine-grained soil particles. At this time, the 

widely-graded gravelly soil has a skeleton−void structure, 

and it only takes about 100 minutes to complete the 

consolidation stage in the triaxial test. 
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Fig. 11  V-t curves of medium-sized triaxial (CD) tests with 

different gravel contents (3 =600 kPa) 

 

Table 5 gives the comparison of the consolidation 
completion time in triaxial tests with different gravel 
contents. As shown in the table, when the amount of 
gravel in the sample increases, the ratio of the consolidation 
completion time of samples without sand cores to samples 
with sand cores twithout sand core/t with sand core first increases 
and then decreases. When the gravel content is 20%− 
30%, the consolidation completion time of samples with 
sand cores accounts for about 1/3 of that of samples without 
sand cores. However, with the increase of gravel content, 
the difference gradually becomes smaller. It shows that 
the sand core has an obvious effect of accelerating 
consolidation when the gravel content is low. With the 
increase of gravel content, the sand core's accelerating 
effect during consolidation stage gradually weakens. 

 
Table 5  Comparison of consolidation time of triaxial tests  
with different gravel contents 

Gravel content 
/% 

Consolidation completion time  
for samples twithout sand core /

twith sand core 
twithout sand core /min twith sand core /min 

20 400 150 2.67 

30 300 80 3.75 

40 200 70 2.86 

50 100 50 2.00 

 

From the deviator stress−strain curve in Fig. 12, it 
can be seen that with the increase of gravel content, the 
deviator stress of the sample increases. In general, under 
the same gravel content, the peak deviator stress of samples 
without sand cores is slightly greater than that of samples 
with sand cores. At small strain, the peak deviator stress 
of samples without sand core is approximately equal 
to that of samples with sand cores. It can be seen from 
the curve in Fig. 13 that with the increase of gravel 
content, the volumetric strain decreases. Under the same 
gravel content, the volumetric strain of samples without 

sand cores in medium-sized triaxial tests is slightly 
larger than that of samples with sand cores. At small 
strain, the volumetric strain of samples without sand 
cores and that of samples with sand cores is roughly 
equal. 

 

 
Fig. 12  Stress−strain curves of medium-sized triaxial CD 

tests with different gravel contents 

 

 
Fig. 13  Volumetric strain−axial strain curves of 

medium-sized triaxial CD tests with different  
gravel contents 

 

5  Conclusion 

By adding a cylindrical sand core to the center of 

the triaxial sample, the sample preparation method of 

the conventional triaxial CD test was improved. The 

effect of different factors, including types of sand cores, 

diameter of sand cores and gravel contents on triaxial 

tests of widely-graded gravel soil was studied. Conclusions 

are summarized as follows. 

(1) Under the same confining pressure, the consolidation 
completion time of samples using coarse sand as sand 
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cores is shorter than that of samples with fine sand as 
sand cores. In other words, consolidation is faster in 
the former samples. The larger the diameter of the sand 
core in the triaxial specimen, the shorter the consolidation 
time. Consolidation is also faster in the small triaxial 
tests than in the medium-sized triaxial tests. The larger 
the gravel content in the widely-graded gravelly soil, the 
shorter the consolidation completion time in the triaxial 
test. The effect of sand cores in accelerating drainage is 
more prominent in soil samples with low gravel content. 

(2) Factors such as type of sand core, diameter of sand 
core, and the gravel content have certain effects on the 
stress−strain, volumetric strain−axial strain relationship 
of triaxial CD tests. The test results of samples with 
small-diameter coarse sand cores are more consistent 
with results of those samples without sand cores. 

(3) The existence of sand cores speeds up the conso- 
lidation stage in triaxial tests, but it also shows the effect 
of ‘reinforcement’. In other words, the larger the diameter 
of sand core, the greater the peak deviatoric stress during 
the shearing stage of the triaxial test and smaller the 
volumetric strain. In practical applications, the diameter 
of sand core should be as small as possible and the density 
of sand core should be properly controlled. 
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