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Abstract — The dynamic compressive modulus, damping ratios, dynamic intensity and other kinetic parameters of argillaceous 
slate cement-improved soil were studied using dynamic tri-axial test in this paper. The effects of confining pressure and loading 
frequency on these dynamic parameters were analyzed. By comparing the dynamic parameters of unimproved soil and improved 
soil, the improvement effect was analyzed and evaluated. Research shows that: i) the dynamic compressive modulus of cement-
improved soil decreases with the increase of dynamic strain amplitude, the relationship between them is approximately a 
hyperbolic function; ii) the damping ratios increases with the increase of dynamic strain amplitude, the relationship between them 
is also approximately a hyperbolic function; iii) the initial dynamic compression modulus increases with the increase of confining 
pressure, while the maximum damping ratio decreases with the increase of confining pressure; iv) the initial dynamic compressive 
modulus increases with the loading frequency, but the loading frequency has little effect on the maximum damping ratio; v) the 
dynamic stress intensity is linear with the logarithm of failure cycle times, and the dynamic stress intensity decreases with the 
increase of the failure cycle times. The dynamic strength and the initial compressive modulus of argillite-slate soil have been 
significantly improved after the cement improvement while the maximum damping ratio changes little. 

Keywords - Argillaceous gravel soil; Improved roadbed; Dynamic characteristics;Dynamic triaxial test;Dynamic compressive 
modulus;Damping ratios; Dynamic stress intensity 

 
 

I. INTRODUCTION  
 

In order to save economic cost, local soil and stone can 
be applied to subgrade filling. When the soil and stone 
cannot meet the design requirements of roadbed, it often 
needs to be improved. Improved methods are usually divided 
into physical improvements and chemical improvements, the 
former method generally improves the maximum dry density 
of soil and other physical and mechanical parameters by 
changing gradation of poor soil and stone; the latter method 
usually mixes lime, cement or other materials into poor filler 
to  reinforce the internal connection structure by the 
chemical reaction. Thereby, the strength of soil and its water 
stability can be enhanced. From the perspective of the 
internal structure, chemical improved soil is more complex 
than the physical improved soil. Therefore, from the 
perspective of engineering application, the mechanical 
properties of improved soil, especially mechanical properties 
of the chemical improved soil have been a research hot spot 
[1-12]. 

When the vehicle is in the ideal state of smooth driving, 
traffic load on the subgrade surface can be approximated as a 
moving load with constant amplitude. The studies of 
subgrade soil under this condition were focused on its static 
characteristics. The existing standard that used to define 
whether filling soil, including improved soils, meets the 
design requirements, especially indoor test index, generally 
considers only static properties. In fact, in both highway and 
railway pavement, there are always some irregularities, such 
as uneven settlement of road surface caused by soil non-
uniformity or deformation differences caused by the different 

properties of subgrade transition section.  Because of traffic 
load, such an irregularity can cause vibration in the roadbed. 
Namely, it is almost inevitable that the subgrade soil is 
subjected to the traffic load. Therefore, the dynamic nature 
of subgrade filler, including improved soil, has attracted 
wide attention of scholars. 

Tests on the dynamic properties of soils usually include 
field tests and laboratory tests. The former is usually field 
wave velocity test, which can measure the vibration wave's 
propagation velocity, by such physical parameters; the 
mechanical properties of the soil can be reflected. The latter 
one usually consists of dynamic triaxial test, resonant 
column test and centrifugal power test. At the present, 
vibration triaxial test equipment is more economical and 
practical, therefor, such test becomes the most commonly 
used research methods and its results can basically meet the 
engineering needs. Usually, the dynamic triaxial tests are 
used to study the dynamic characteristics of soils, such as 
dynamic strength, dynamic compressive modulus and 
damping ratio, these parameters can be used to reflect the 
relationship between stress and strain. This test can provide 
reference to soil dynamic constitutive model study and 
stability evaluation of subgrade soil [13-15]. 

Slate is widely distributed in our country. Many highway 
and railway subgrade construction projects are located in 
slate area, such as Wuhan-Guangzhou Passenger Line 
construction that through the Yueyang Hunan slate area. The 
argillaceous slate is a relatively common slate. Unlike sandy 
slate, argillaceous slate is easily to be softened and 
disintegrated by water immersion, namely, its water stability 
is poor. The filler formed by the crushing argillaceous slate 
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is poor packing which cannot meet highway or high-speed 
railway subgrade filling requirements, so these filler need to 
be chemical improved. Therefore, it has engineering 
significance to research the dynamic properties of the 
argillaceous slate improved soil. In this paper, the dynamic 
triaxial test is used to study the dynamic characteristics, such 
as dynamic strength, dynamic compressive modulus and 
damping ratio, of the cement-improved clay soil in order to 
provide reference for the improvement of argillite dynamic 
study and its engineering application. 

II. DYNAMIC TRIAXIAL TEST SCHEME OF ARGILLACEOUS 

SLATE GRAVEL IMPROVED SOIL 

A. Test material and its physical parameters  

The soil samples are brownish-yellow argillite-slate soil 
collected from Yueyang Hunan. Such samples has a high 
contents of hydrophilic minerals, such as muscovite and 
chlorite, this feature makes the  soil sample has a poor water 
stability, which means the sample is easy to be softened and 
disintegrated in water. The natural moisture content of soil 
samples is 5 ~ 13%, density is 1.04 ~ 1.68 g/cm3. The 
particle size of the soil sample is less than 2mm, and the 
content of fine grained soil is about 10.4%. The uneven 
coefficient is 5.2 and the curvature coefficient is 1.1. The 
grading curve is shown in Figure 1.The soil samples are fine 
grained sand with good gradation according to the 《Soil 
Engineering Classification Standard》 (GB/T50145-2007). 

 
Figure 1.  Gradation curve of argillite-slate soil 

B. Experimental design  

The test equipment is DDS-70 electromagnetic vibration 
triaxial test system controlled by microcomputer. The 
reinforcement is ordinary silicate P.O32.5 cement. Existing 
studies show that normally the static strength and water 
stability of improved soil can meet the design requirements 
of Subgrade when the cement content is more than 4% [16-
18]. Usually, after the standard curing reaches 28 days, the 
strength of cement gradually enters a stable stage. In this 
paper, cement with 5% content were mixed into the soil, and 
samples were produced with 96% of the degree of 
compaction, 11% of moisture content and 2.19g/cm3 of dry 
density. The sample is a cylinder with a diameter of 39.5mm 
and a height of 80mm. The samples were maintained 
according to standard, and the curing age was 28 d. 

The experiment includes dynamic compression modulus 
test, damping ratio test and dynamic strength test. Although 
many factors like void ratio, water content, confining 
pressure, loading dynamic stress amplitude and loading 
frequency can affect the mechanical properties of the soil， 
the most common parameters used in testing and engineering 
are confining pressure, loading dynamic stress amplitude and 
loading frequency, therefore, the main control parameters in 
this paper are confining pressure, dynamic stress amplitude 
and loading frequency. The main test conditions and 
methods are: 

1) In dynamic compression modulus and damping ratio 
test, the confining pressure   is 100，150 and 200 kPa 
respectively, frequency  is 1，2and 4 Hz respectively. First, 
isotropic consolidation (consolidation ratio equal to 1) were 
used to apply static load. Then, under the condition of non-
drainage, apply axial sine wave  dynamic stress  step by step , 
each step is 1 vibration cycle, and there are 10 vibration 
periods. The dynamic compressive modulus   and damping 
ratio   were measured according to the test results, their 
change law with the strain amplitude also can be obtained 
through such a process. The specific calculation process and 
calculation expressions of damping ratio   can be seen in 
literature [19]. The relationship between dynamic stress 
amplitude, dynamic compressive modulus and strain 
amplitude is: 

d d dE   (1) 

Where: d   is stress amplitude of sine wave in any vibration 

cycle times; d  is dynamic strain amplitude in corresponding 
vibration cycle times. 

2) In dynamic strength test, the confining pressure σ3 is 
100, 150 and 200 kPa respectively, frequency f is 1Hz.First, 
use isotropic consolidation to apply static load, then with 
non-drainage, apply axial sine wave dynamic stress . The 
dynamic stress amplitude is  , k is dynamic - static stress 
ratio, k=0.1 ～ 0.8. The failure criterion of the dynamic 
strength test is as follows: when the pore water pressure is 
equal to the confining pressure, the specimen is destroyed. 
The corresponding stress at failure is the failure strength  , 
i.e. .The corresponding vibration cycle times are destructive 
vibration times, namely N=Nf.  

3) The equal-stress amplitude sine wave cyclic dynamic 
load used in dynamic compression modulus, damping ratio 
test and dynamic strength test is  shown in Figure 2. 
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Figure 2.  Plot of the time-history curve of dynamic load 

III. TEST RESULTS AND ANALYSIS 

A. Experimental results and analysis of dynamic 
compression modulus and damping ratio test 

1) Dynamic compression modulus  
 

Fig 3 shows the relationship between dynamic 

compression modulus dE  and strain amplitude d  at 

frequency 2f  Hz and different confining pressures. As 
can be seen from Figure 4, the dynamic compressive 
modulus of improved soil decreases with the increase of the 
strain amplitude, yet the degree of reduction decreases with 
the increase of dynamic strain amplitude, the dynamic 
compression modulus decay curve approximates a hyperbola 
for, which is consistent with the usual dynamic test of the 
non-improved soil (sand, clay, etc.) [20]. Therefore, the 
fitting relationship between dynamic compressive 

modulus dE  and strain amplitude d  of argillite-slate 
improved soil in this paper can be expressed as follows: 

d

0 d d

1

1

E

E k 


                                      (2)

Where:   

E

3
0 E

a

n

E k
p

 
  

                                     (3) 

In equation (2) and (3), 0E is initial dynamic 

compressive modulus, dk , Ek and En  are fitting parameters, 

ap is  reference pressure, generally take atmospheric 

pressure as its value which is approximately a 100p  kPa. 

 
 
Figure 3.  Curve of the relations between the dynamic compressive 

modulus and the amplitude of dynamic strain 

The parameters 0E , dk 、 Ek 、 En  were obtained by test 
result fitting, equation (2) and (3). The fitting parameters are 
shown in Table I and Table II. 

TABLE I.  PARAMETERS OF 0E AND dk  

f 
3 100   3 150   3 200   

0E  dk  0E  dk  0E  dk  

1 21.2 1041.0 35.9 1369.4 51.7 1663.9 

2 29.5 1537.2 41.1 1687.6 56.6 1473.7 

4 37.3 1681.3 67.3 3542.0 90.6 3318.8 

Note: in Table I, Unit of f is Hz; unit of 3  is kPa; unit of 

0E  is MPa. 

TABLE II.  PARAMETERS OF Ek
AND En

 

Loading frequency  

f/Hz 

Fitting parameters 

Ek
 

Fitting parameters En
 

1 21.0 0.8 

2 28.9 0.6 

4 37.5 0.8 

Typical fitting curve of dynamic compression modulus 
and strain amplitude is shown in Figure 4. Fitting 
relationship as follows can be obtained by equation (2) and 
Figure 4. 
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Where, unit of dE  is MPa; correlation coefficient of 
fitting formula is 0.95. 

 
Figure 4.  Fitted curve of dynamic compressive modulus changing with 

the amplitude of dynamic strain 

Figure 4 and fitting correlation coefficient show that the 
fitting effect is good, which indicates that equation (2) and 
(3) are suitable to describe the variation law of improved soil 
dynamic compressive modulus with different strain 
amplitude. 

According to Table I, relationship between initial 

dynamic compressive modulus 0E  , frequency f  and 
confining pressure σ3 can be obtained, and that relationship is 
shown in Figure 5.As can be seen from Fig 5, with same 

frequency f, the initial dynamic compressive modulus 0E  
increases with the increase of confining pressure σ3; with 
same confining pressure σ3 , the initial dynamic compressive 

modulus 0E  increases with the increase of loading 

frequency f , which indicates that both confining pressure 
and loading frequency have a great influence on the initial 
dynamic compressive modulus. The larger confining 
pressure is, the larger lateral constraint subjected to samples 
is, and the more difficult it is to create axial deformation, 
under the same dynamic stress amplitude, the larger dynamic 

compression modulus 0E  in the initial state calculated by 
equation (1) is. Under constant amplitude cyclic loading, a 
higher frequency means a higher loading rate [21], solid 
materials, including rock and soil materials , generally show 
more viscous with a higher loading rate, yet the deformation 
in loading direction is too slow to be synchronized with the 
loading stress, which means a relatively small instantaneous 
deformation, and at the macro level, this phenomenon is 
performed as instantaneous dynamic elastic modulus or 
dynamic compressive modulus increases with the loading 
rate or the loading frequency. 

 
Figure 5.  The relations among the initial dynamic compressive modulus, 

the confining pressure and the loading frequency 

Table III shows the comparison of the initial dynamic 
compressive modulus of unmodified and modified soils at 
confining pressure of 100 kPa and frequency of 1 Hz under 
other same test conditions. Table III shows that after the 
cement-improvement, the initial dynamic compressive 
modulus of argillite-slate soil is increased by 44% compared 
with the unmodified soil. This shows that after the cement 
improvement, the muddy soil’s ability to resist deformation 
has been greatly improved. 

TABLE III.  COMPARISON OF THE INITIAL DYNAMIC COMPRESSIVE 
MODULUS BETWEEN THE IMPROVED SOIL AND UNIMPROVED SOIL 

Soil sample 
Initial dynamic compressive 

modulus 0E /MPa 

Improved soil 21.2 

Unimproved soil 14.7 

 
2) Damping ratio 

 
Figure 6 shows the variation curve of damping ratio and 

dynamic strain amplitude when frequency f=2Hz..It can be 
seen from Fig.6 that damping ratio increases with the 
increase of dynamic strain amplitude, but the rate of increase 
gradually slowed down and stabilized. The curve shape is 
approximately hyperbolic. And in Figure 6 we can see that 
when the frequency and dynamic strain amplitude is the 
same, a larger the confining pressure is related to a smaller 
damping ratio. Preliminary analysis shows that under larger 
confining pressure, more extrusion will be created. In terms 
of wave theory, this is conducive to reduce the vibration 
transmission path and time between soil particles, thus 
reduce the energy dissipation. From macro perspective, it is 
performed as viscous dissipation mechanism degradation, 
and the viscous dissipation capacity of the material is 
measured by the damping ratio. 

According to Fig 6, the fitting relation between damping 

ratio d  and strain amplitude d  of argillite-slate improved 
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soil can be expressed by hyperbolic function proposed by 
hardin et al. 

d λ d

max λ d1

k

k

 
 


                              (5) 

Where, max is maximum damping ratio, λk is fitting 

parameter. 

 
Figure 6.  Curve of the relations between the damping ratio and the 

amplitude of dynamic strain 

Fitting parameter max  and λk  are shown in Table IV. 
The typical fitting curve of changes between damping ratio 
and strain amplitude can be seen in Figure 7. The fitting 
coefficient is 0.99, which means a good fitting effect. The 
fitting relation is: 

d d

d

711.8

0.13 1 711.8

 



                        (6) 

TABLE IV.  PARAMETERS OF max
AND λk  

f 
3 100   3 150   3 200   

max  λk  max  λk  max  λk  

1 0.26 1924.7 0.22 1086.4 0.13 711.8 

2 0.26 1631.7 0.19 1631.7 0.13 1247.8 

4 0.26 9515.3 0.22 5710.5 0.16 1571.4 

Note: In Table IV, unit of f is Hz；unit of 3  is kPa;  

max and λk  doesn’t have unit. 

 
Figure 7.  The fitted relations between the damping ratio and the 

amplitude of dynamic strain 

The relationship between maximum damping ratio, 
confining pressure and loading frequency is shown in Figure 
8. From Figure 8 and Table IV, we can know that maximum 
damping ratio decreases with the increase of confining 
pressure when dynamic strain amplitude and frequency keep 
same, but maximum damping ratio varies little with the 
loading frequency when dynamic strain amplitude and 
confining pressure keep same. That is, compared with 
loading frequency, confining pressure is the main factor 
affecting the maximum damping ratio of improved soil. 

 
Figure 8.  The relations among the damping ratio, the confining pressure 

and the loading frequency 

Table V shows the comparison of the maximum damping 
ratio between improved soil and un-improved soil when 
confining pressure is 150 and the frequency is 1, 2 and 4 Hz. 
As can be seen from Table V, the difference between these 
two kinds is not significant which means cement-
improvement has little effect on maximum damping ratio of 
argillite-slate soil. 
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TABLE V.  COMPARISON OF THE MAXIMUM DAMPING RATIO 
BETWEEN THE IMPROVED SOIL AND THE ONE UNIMPROVED 

Soil 

sample 

Maximum damping ratio max  

f=1Hz f=2Hz f=4Hz 

1 0.22 0.19 0.22 

2 0.23 0.21 0.23 

B. Dynamic strength test results and analysis 

The relations between the dynamic stress failure strength 
and the corresponding cycle times are shown in Figure 9. 
When the vibration period dynamic stress were applied 
according to the dynamic strength curve in Figure 9, the 
failure of sample was hard to occur. It can be seen from 
Figure 9 that the larger confining pressure is, the greater 
dynamic stress intensity in same failure cycle times is. Under 
the same confining pressure, the bigger failure frequency is, 
the less dynamic stress is. 

 
Figure 9.  The relations between the dynamic stress failure strength and 

the corresponding cycle times 

According to the variation rule of Fig 9, the relation 
between the dynamic stress failure strength and failure cycle 
times is described by the following formula: 

df flgm N n                             (7) 

Where: m and n  are fitting parameters. 
Fitting parameters m and n   are shown in Table VI. As 

can be seen in Figure 9, the fitting results were in agreement 
with the experimental result, which means Formula (7) can 
improve the fitting result. 

TABLE VI.  PARAMETERS OF m AND n  

3 100  kPa 3 150  kPa 3 200  kPa 

m  n  m  n  m  n  

3.6 44.1 5.2 58.0 5.7 93.3 
Under the confining pressure of 100 kPa, The dynamic 

strength contrast curve between improved soil and 

unimproved soil is shown in Figure 10. Figure 10 shows that 
compared with improved soil, the unimproved soil is more 
easy to reach dynamic stress failure strength in same 
vibration cycle times. This result shows that the strength of 
argillite-slate soil has been significantly improved with the 
cement-improvement. 

 
Figure 10.  Cures of comparisons of the dynamic stress failure strength 

between the improved soil and the one unimproved 

IV. CONCLUSION 

In this paper, dynamic compressive modulus, damping 
ratios, dynamic intensity and other kinetic parameters of 
argillaceous slate cement-improved soil were obtained by 
dynamic triaxial test, the different dynamic characteristic 
parameters of the improved soil and the unimproved soil are 
compared, and the main conclusions are obtained: 

 (1) Dynamic compressive modulus decreases with the 
increase of strain amplitude, and the relationship between 
them is approximately a hyperbolic function; damping ratio 
increases with the increase of the dynamic strain amplitude, 
and the relationship between them is also a hyperbolic 
function. 

 (2) Confining pressure is the main factor that influences 
dynamic compression modulus and maximum damping ratio. 
The initial dynamic compression modulus increases with the 
confining pressure, while the maximum damping ratio is the 
opposite; the loading frequency has an important influence 
on the initial dynamic compression modulus, yet it has little 
effect on the maximum damping ratio. 

 (3) The dynamic stress intensity decreases with the 
corresponding failure cycle time, and the relationship 
between the dynamic stress intensity and the logarithm of the 
failure cycle time is approximately linear. 

 (4) The improve effect of cement is good. The initial 
dynamic compressive modulus and dynamic stress intensity 
of the argillite-slate soil are improved significantly after the 
cement-improvement, but the maximum damping ratio 
changes little. 

 (5) For chemically modified soil, including the argillite-
slate cement-improved soil, the research results in this paper 
have some reference value on the study of dynamic 
properties of the improvement and evaluation of 
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improvement. There are many factors that affect the 
mechanical properties of improved soil, and in this paper, 
only dynamic stress amplitude, confining pressure and 
loading frequency are considered, so there are certain 
limitations in this research results, and the related research 
needs to be further studied. 
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