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Abstract — Large scale triaxial testing instrument is used to test the mechanical properties of argillaceous slate coarse-grained 
soil improved by cement. We test and analyze the axial stress-strain relationship and the volumetric strain, and obtain the 
mechanical parameters including compressive strength, internal fraction angel, cohesion and elastic modulus. Results show that the 
cement-improved soil shows mechanical properties such as strain softening and dilatancy: i) when the confining pressure is low, the 
strain softening indicated by the axial stress-strain relationship of the improved soil sample is obvious, and dilatancy is obvious 
when the volume is deformed; ii) with the confining pressure increasing, both the strain softening and the dilatancy gradually 
became weak; iii) the greater the confining pressure is, the larger the axial stress and axial strain corresponding to the start point 
of the dilatancy, and the less the residual volumetric strain is. The result of improvement by using cement is good. Compared with 
unimproved soil, the compressive strength, cohesion and elastic modulus of improved soil are greatly enhanced, and the scope of 
linear elastic deformation significantly expanded, but there is not much change to the internal fraction angel. The failure strain of 
the improved soil is less than that of the unimproved one. 
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I.  INTRODUCTION 

 
Compared with unimproved soil, soil improved by using 

cement usually has features such as high strength, great 
water softening resistance, and low water permeability, 
therefore, cemen-improved soil is widely used for earth 
works such as building foundation and roadbed. Improving 
soil quality with cement is a chemical method, which is 
suitable to poor quality rocks full of clay mineral. The usual 
practice is to put cement into the poor quality rocks, which 
would have chemical reaction with the cement. The chemical 
reaction will reinforce the internal bond in the soil, therefore, 
the strength and water stability would be enhanced. As to the 
internal construction, the internal bond of the improved soil 
is much more complicated than that of the unimproved soil, 
due to the effect of cementation. On one hand, since the 
cement content in the improved soil is usually no more than 
10%, the cement could play only a limited role. It is 
inevitable that the improved soil still kept some mechanical 
properties of the unimproved soil, for example, the clusters 
of grains wrapped by the cementing still kept their original 
water-physical property and constitutive relation. These 
clusters of grains and the cementing would be both the 
objects to bear the load onto the improved soil. On the other 
hand, after the reinforcement done by cement, the framework 
of the improved soil is mainly the cementing network, and 
then the mechanical property of the improved soil would be 
affected by the hardening of the cementing. It shows the 
nature of hardened cement, such as the brittle failure of 
concrete and rocks. Therefore, the mechanical property of 
the improved soil is usually as complicated as something 
between the unimproved soil and the concrete. Hence, both 

theoretical significance and application values could be 
gained from the research on cement-improved soil [1-11]。 

Currently, the main testing methods used for the 
mechanical property of the improved soil are the 
compression test without lateral confinement, the direct shear 
test, and the triaxial compression test[ 12 - 15 ].The testing 
condition for the compression test without lateral 
confinement is the simplest, but only one index, namely the 
compressive strength without lateral confinement, could be 
obtained and it is inadequate for a thorough and 
comprehensive understanding of the mechanical property of 
the improved soil. In cooperation with the compression test 
without lateral confinement, more commonly used 
engineering parameters could be obtained by using the direct 
shear test, such as the shear strength, the internal friction 
angle and the cohesion. However, as the shearing surface is 
manually controlled and the evenness of the surface is 
inconsistent[16,17], the results of the direct shear test may be 
very different from the practical values of engineering. By 
contract with the direct shear test, factors such as confining 
pressure and drainage condition could be effectively 
simulated by doing the tri-axial compression test. Large scale 
triaxial equipment shall be used to do research on the 
mechanical property of those gravel type coarse grain soil 
especially, as the effect of particle size has to be considered. 
The triaxial compression test would produce characteristic 
parameters such as compressive strength, adhesive force, 
internal fraction angle and elastic modulus as well as the 
relation between stress and strain. Constitutive model could 
be built based on the results of the tri-axial compression test. 
Therefore, the triaxial compression test is widely applied. 

 The argillaceous slate can be found in many areas 
of China. Many roadbeds of highway and railway have to be 
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built through areas of argillaceous slate. For example, the 
Yueyang area of Hunan Province, which is passed through 
by the high-speed railway between Wuhan and Guangzhou, 
is a typical argillaceous slate area. Due to the rich content of 
clay mineral, the argillaceous slate has poor water stability 
and it would be softened and disintegrated when it is soaked 
by water. The argillaceous slate soil is the earth material 
produced by weathered argillaceous slate; therefore, it still 
keeps the water physical and chemical property of its mother 
rock and it belonges to poor quality fillings. In order to make 
the argillaceous slate soil meet the requirements of filling 
material for building foundations and roadbeds of highways 
and railways, the argillaceous slate soil has to be chemically 
improved. Therefore, the research on mechanical property of 
the improved argillaceous slate soil is of significance for 
engineering. 

Coarse-grained soil is usually chosen for foundation 
works requiring high-load bearing performance, which is 
common for the projects of railway, highway and airport 
runway. The research on the mechanical property of 
improved soil is usually done for improved fine-grained soil 
such as improved powder soil, improved cohesive soil and 
seldom done for improved coarse-grained soil. For this 
reason, argillaceous slate coarse-grained soil improved by 
using cement is chosen to be the object of study in this paper. 
Large scale tri-axial instrument is applied to study the 
relation between stress and strain of the improved soil and 
obtain mechanical characteristic parameters such as strength 
and elastic modulus. It is expected that the result of this 
research would provide references for research on 
constitutive relation and improvement evaluation of the 
argillaceous slate coarse-grained soil improved by cement.  

II. THE TRIAXIAL COMPRESSION TEST ON 
ARGILLACEOUS SLATE COARSE-GRAINED SOIL 

IMPROVED BY CEMENT 

A. Soil samples and their physical parameters 
The samples of the test are from the Yueyang area of 

Hunan Province. The samples were brown yellow 
argillaceous slate coarse-grained soil, of which are mainly 
white mica, quartz, chlorite and kaolinite. The clay minerals 
in the soil are mainly chlorite and kaolinite. The soil is of 
poor water stability, easy to be softened and disintegrated by 
water. The natural moisture content of the soil samples are 
5~20%, while the densities are 1.04~1.71 g/cm3. The soil 
samples prepared for the test has a particle size less than 60 
mm. In the soil samples, the gravel fraction, the sand fraction 
and the fine grain fraction are about 58.8%, 33.6%, and 8%, 
respectively. The coefficient of uniformity is 133.6 and the 
coefficient of curvature is 0.28. Please see Fig. 1 for the 
gradation curve. In accordance with Standard for 
Engineering Classification of Soil (GB/T50145-2007) which 
is based on the National Standard of the People’s Republic 
of China, The soil samples are classified as fine-grained 
gravel soil. 

 
Fig.1 Gradation curve of argillaceous slate coarse-grained soil 

 
B. Test plan design 

 
The TAJ-2000 large scale static-dynamic triaxial 

instrument in the National Engineering Laboratory for high 
speed railway construction, at Central South University, in 
China, is used as the equipment for the test. Common 
Portland cement P.O32.5 is used as the reinforcement agent 
for the improvement. Research results currently available 
showed that usually when the content of cement in the 
improved soil is equal or greater than 4%[18-20], the result of 
improvement would meet the requirements of design. In this 
paper, the content of cement added in the soil is 6%。The 
testing samples are prepared with the degree of compaction 
is 96%, the moisture content is 5% and the dry density is 1.9 
g/cm3. The testing samples are cylinders with a diameter of 
300mm and a length of 600mm. Usually after the standard 
curing time of 28 days, the reinforcement effectiveness 
provided by the cement would become consistent, and the 
strength of the testing samples at the moment is 
representative. Therefore, the standard curing of 28 days is 
carried out for the testing samples of our test. 

The controlled conditions for the test are as what they 
follows: 4 confining pressures, which are S=100, 150, 400 
and 800 kPa respectively; Firstly, the testing samples are 
having isotropic solidification with a certain confining 
pressure and then load is added at the axial direction by 
using the displacement control mode with a rate of loading is 
1mm/min. Water is drained during the loading. 

III. TESTING RESULTS & ANALYSIS 

A. Characteristics of axial stress-strain relation  
 
Fig.2 is a curve showing the relation between the axial 

stress (normal stress) difference ( 1 3  ) and the axial 

strain 1 (normal strain), of which, 1 is the axial stress and 

the maximum major stress; while 3 S   is the axial stress 
and the minimum stress. Fig.2 indicated that after the stress 
reached their peak, with the consistent growth of axial 
normal strain, the axial stress - axial strain relation curves of 
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improved soil go downwards. The decline rate of curve will 
become slower and slower with the increase of loading, 
therefor, the stress would tend to be a smaller one named 
residual stress.  What are shown in fig.2 reveal that under the 
circumstance of triaxial compression test, the coarse-grained 
soil improved by cement shows the quality of strain 
softening. Sress having exceeded the maximum point of the 
curve, the improved soil still has the residual capacity of 
compression resistance. 

 
Fig.2 Relation curves of axial stress and axial strain  

 
Fig.2 also shows that curves of different confining 

pressures have different trends of downturn, which means 
that the confining pressure has an impact on the degree of 
strain softening. Based on the test in this paper, the 
coefficient of relative softening is defined as what it follows: 

 

 
Y Y

Y



                      (1) 

Where,  

1 3max( )Y        (2) 

11 3 5%( )Y          (3) 

In equations (1) ~ (3),  is the relative softening 

coefficient; Y  is the compressive strength; 1 3max( )   
means to get the maximum value of the axial stress 
difference in the “()”; Y   is the residual stress; 

11 3 5%( )  
 is the corresponding axial stress difference 

when the strain reached 5%. Since the maximum axial 
normal strain during the loading of testing in this paper is 

5%, it is approximate that 11 3 5%( )Y     
. The greater 

 is, the greater the downward trend of the stress is after its 

peak. When 0  ， Y Y  , namely the compressive 
strength equaled the residual stress, the mechanical property 
of the soil is strain hardening instead of strain softening. 
Therefore,  at some extent indicates the degree of strain 
softening. 

Please see Fig.3 for relation between the relative 
softening coefficient  and the confining pressure S. Fig.3 
shows that the relative softening coefficient dropped from 
0.50 to 0.21 along with the confining pressure increaseing 
from 100 kPa to 800 kPa, namely when the confining 
pressure increases, the strain softening degree gradually 
become weak. 

 
 

Fig.3 The Relation between relative softening coefficient and 
confining pressure. 

 
 
B. Characteristics of volumetric strain-axial strain relation 

Fig.4 shows the curve of relation between the axial 

volumetric strain v and the axial-normal strain 1 , with 
different confining pressures S. from Fig.4, we could tell that 
when the axial normal strain is relatively small, with the 
increment of axial strain, the volumetric strain of the testing 
samples would gradually increase; the volume would 
gradually decrease with compressive transformation. When 
the compressive volumetric strain reaches its maximum 
value, with the continuous growth of axial strain, the 
volumetric strain of the testing sample started to decrease 
and the volume is enlarged. When the values of axial normal 
strain are the same, the confining pressure is less; and the 
volume of the testing sample is expanded significantly. 
These demonstrate that, under the circumstance of triaxial 
compression test, the dilatancy of cement-improved soil is 
shown and the confining pressure has a significant impact on 
the dilatancy. 
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Fig.4 The curve of relation between volumetric strain and axial strain 
 
The maximum value point reached by the compressive 

volumetric strain is usually defined as the start point of 
dilatancy, the corresponding axial stress 、axial strain and 

volumetric strain are respectively marked as  Y , 1 and v . 
The corresponding volumetric strain of the residual stress 

Y  is marked as v  , which is the volumetric strain at the end 
of the loading, therefore, it is called residual volumetric 
strain, which is used to indicate the volume expansion at the 

end of loading to the soil sample. Y 、 1 、 v  and v   are 
defined as the characteristic parameters of dilatancy. The 
relation between these parameters and the confining pressure 
is shown in Table 1. 

 
TABLE 1 THE RELATION BETWEEN THE PARAMETERS OF 

DILATANCY AND THE CONFINING PRESSURE 

S/kPa Y /kPa 1  v  v   

100 1049.1 0.00216 0.00040 -0.00781 

150 1336.2 0.00252 0.00062 -0.00630 

400 2121.5 0.00303 0.00081 -0.00225 

800 2892.3 0.00585 0.00139 -0.00109 

It is indicated in Table 1 that the axial stress Y  , the axial 

strain 1  and the volumetric strain v corresponding to the 
start point of dilatancy increase with the confining pressure 

increasing, whereas the residual volumetric strain v   
decreases with the confining pressure increasing. The 
relations shown in the table 1 reveal that, with the increment 
of confining pressure, the resistance of the improved soil to 
volume expansion becomes great, thus, the dilatancy is 
delayed and the volumetric expansion become small. 
 
C. Compressive strength parameters & elastic modulus 

1) Compressive strength, internal fraction angle, 
cohesion and failure strain 

Please see Fig.5 for the relation between the compressive 
strength Y and the confining pressure S . Fig.5 indicates that 

the compressive strength has an approximate linear growth 
relation with confining pressure, therefore, a relation 
between compressive strength Y and confining pressure S  
could be fitted based on the Mohr–Coulomb failure criterion, 
thus the internal friction angle and cohesion could be 
obtained. The Mohr–Coulomb failure criterion is expressed 
below: 

( ) ( )sin 2 cos 0Y S Y S c       (4) 

Where,  is the internal fraction angle and c is the 
cohesion. 

 
Fig.5 The relation between compressive strength and confining 

pressure 
Please see Table 2 for the internal fraction angle and the 

cohesion. It is indicated in Table 2 that before improvement, 
the cohesion is 37.4 kPa and internal fraction angle is 32.4°; 
and after improvement, the cohesion is 309.1 kPa which is 
about 8 times as before, and the internal fraction angel is 
34.3º which has increased 6%. Fig.5 demonstrated that, 
under the same confining pressure, the compressive strength 
of improved soil is larger than that of the unimproved soil 
(the original soil), with a difference of 830 kPa. Therefore, 
the improvement by using cement has little impact on the 
internal fraction angle of the argillaceous slate, but it has 
apparently enhanced the cohesion, thus the compressive 
strength of the soil has been significantly increased. 

 
TABLE 2 INTERNAL FRACTION ANGLE & THE COHESION 

Soil types  /(º) c /kPa 

Improved soil 34.3 309.1 

unimproved soil 32.4 37.4 

 
 
Refer to Fig.6 for the relation between the axial failure 

stain f  corresponding to the compressive stress Y and the 
confining pressure S. It is indicated in Fig.6 that with the 
increase of confining pressure, the axial failure strain of 
improved soil increases. In comparison with unimproved 
soil, however, the axial failure strain of improved soil 
decreases significantly under the same confining pressure, 
that is to say the brittleness of argillaceous slate coarse-
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grained soil improved by cement is more obvious than that 
of the unimproved soil. 

 
Fig.6 The relation between axial failure strain and confining pressure. 

 
 
2) Elastic modulus 
Fig.2 indicates that the axial stress-strain relation is 

approximately linear when the axial stain is relatively small. 
For example, for the curve of confining pressure S=100 kPa, 

when the axial normal strain meet
4

10 2.7 10    , the 
curve of relation between axial stress and strain is 
approximately a straight line. Meanwhile, the ultimate strain 

of linear elastic deformation is approximately
42.7 10 . 

The slope of this linear section is defined as elastic 
modulus, marked as E. the linear elastic ultimate strain is 

marked as
e
lim . Please see Fig.7 and Fig.8 respectively for 

the relation between the elastic modulus and the confining 
pressure as well the relation between the linear elastic 
ultimate strain and confining pressure. 

 

 
Fig. 7 The relation between elastic modulus and confining pressure 

 
Fig.8 The relation between linear elastic ultimate strain and confining 

pressure. 
 

 
It is indicated in Fig.7 and Fig.8 that when S increased 

from 100 kPa to 800kPa, E increased from 1100 MPa to 

1850 MPa, and 
e
lim increased from 

42.7 10  to 
46.0 10 . 

Thus it could be seen that the elastic modulus and the linear 
elastic deformation of improved soil increase with confining 
pressure increasing. 

It is also indicated in Fig.7 and Fig.8 that, under the same 
confining pressure, the elastic modulus and linear elastic 
ultimate strain of improved soil became significantly larger 
than those of the unimproved soil, of which, the elastic 
modulus of improved soil has increased at least 380 MPa, 
while the linear elastic ultimate strain has been raised about 
4.5 times at least. These mean that the scope of rigidity and 
linear elastic deformation of soil have significantly increased 
after it is improved by cement. 

IV.  CONCLUSION 

In this paper, we report our large scale triaxial 
compressive test on the argillaceous slate coarse-grained soil 
improved by cement. Research is done on the axial stress-
strain relation and the volumetric strain-axial strain relation. 
Commonly used mechanical parameters are obtained, 
including the compressive strength, the internal fraction 
angle and the elastic modulus. Also some characteristic 
parameters of dilatancy are obtained, including residual 
volumetric strain, the stress and strain at the start point of the 
dilatancy. By comparing the mechanical properties of 
improved soil and that of the unimproved soil, we have the 
following conclusions below: 

1) The the argillaceous slate coarse-grained soil 
improved by cement shows strain softening and dilatancy. 
After the stress reached its peak value, axial stress-strain 
relation curve shows an obvious decline. The volume of 
improved soil is compressed at first , expanded remarkably 
later. 

2)  The confining pressure has a significant impact on the 
mechanical properties of the improved soil, such as the strain 
softening and the dilatancy. Under low confining pressure, 



LEQIU CHEN et al: A STUDY ON IMPROVING-BY-CEMENT THE MECHANICAL CHARACTERISTICS OF … 

DOI 10.5013/IJSSST.a.17.48.16                                           16.6                            ISSN: 1473-804x online, 1473-8031 print 

both the strain softening and the dilatancy are obvious. 
Along with the increment of confining pressure, both the 
strain softening and the dilatancy decrease. The greater the 
confining pressure is, the larger the axial stress and axial 
strain corresponding to the start point of the dilatancy would 
be and the smaller the residual volumetric strain is. With the 
confining pressure increasing, the axial failure strain, the 
elastic modulus and linear elastic strain become larger. 

3)  Compared with the unimproved soil, the strength and 
rigidity of the improved soil have been significantly 
enhanced and the brittleness became obvious when it is 
broken. The improvement has little impact on the internal 
fraction angle of the argillaceous slate coarse-grained soil, 
but a relatively great impact on the cohesion. The 
compressive strength is enhanced by improving the cohesion 
of the soil. After the improvement, both the elastic modulus 
and linear elastic ultimate strain are significantly raised while 
the failure strain is significantly reduced. 
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