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Introduction

In structural design one of the most important factors that 
determine the longevity of structures is soil footing. Properties 
of soil and the conditions of soil-structure interaction determine 
the strength, stability, and normal operation of the structure. 
Therefore, a detailed analysis of soil is extremely important in 
structural design. In order to ensure the required durability of a 
structure all possible loads and environmental effects that could 
act at any time of structure operation must be determined. Soil 
may be affected by dead load of the structure, live loads, surface 
water, and groundwater, as well as, filtering pressure, temperature, 
creep, and vibrations. Vibrations in the soil can be produced by 
earthquakes and various anthropogenic external sources. The 
most common examples of vibration sources are road traffic, 
train loading, blasting, pile driving, and dynamic soil compaction. 
Naturally, vibrations in form of seismic waves are more dangerous 
to existing structures than vibrations from anthropogenic  

 
activities. Seismic waves produced by strong earthquakes cause 
massive damage by triggering landslides, soil settlements, 
liquefaction, and the collapse of structures. However, in many 
regions of the world, Lithuania included, seismic activity is low and 
most of the ground vibrations come from anthropogenic sources. 
Recent studies showed that ground vibrations have a negative 
effect on soil strength. It is agreed that vibrations influence on 
soil mechanical properties is directly connected with the initial 
physical properties of the soil. The least amount of research in this 
area has been done studying the effect of vibrations on clay soil. 
Therefore, the aim of this paper is to study the behavior of clay 
subjected to different frequencies applied in a laboratory setting.

In order to study vibrations effect on clay soil parameters 
using laboratory equipment the frequency range of anthropogenic 
vibration sources must first be investigated. A lot of research has 
been performed to investigate man-made vibrations frequency 
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range in the last few decades. One of a study demonstrated that 
train loading generated vibrations frequency depends on the 
speed of the train, its geometry, rail stiffness and wheels roughness 
[1]. Another investigated vibrations measurements showed that 
in the soil passing trains caused ground vibrations with frequency 
range of 7-70 Hz [2]. The frequency of vibrations generated by 
passage of trains does not exceed 80 Hz [3]. The investigated 
ground vibrations caused by road traffic showed that the level 
of vibrations mostly depends on roughness of road surface and 
the speed of moving cars [4]. The experimental study of transport 
induced soil vibrations by measuring frequency range of truck 
movement generated vibrations demonstrated that the dominant 
frequency of Rayleigh waves is in the range of 10 and 20 Hz [5]. 
Later investigation of road traffic induced ground vibrations 
suggested that the frequency of vibrations varies between 10 and 
40 Hz, depending on the speed of vehicles and the roughness of 
roads [6]. 

Another source of anthropogenic ground vibrations is pile 
driving. Pile driving generates both body and surface waves 
that can possibly do damage to adjacent structures and carried 
out measurements of soil oscillations during pile driving in 
the construction of large-scale railway line in Taiwan [7]. The 
study showed that high frequency vibrations propagate faster 
and further from the source than low frequency vibrations. 
The research on ground vibrations during construction of 
bridge in Egypt demonstrated that soil type has a big influence 
on propagation of dynamic waves and stiff soils have a lower 
damping ratio compared to soft soils. There are concluded that 
the structures located closer than 50 meters from pile driving area 
are in danger of damage by ground vibrations. The measurements 
of pile driving induced ground vibrations indicated that frequency 
range of such vibrations is between 7 and 50 Hz, whereas the 
dominant frequency is about 10 Hz [8]. 

Blasting is a common method used in mining, quarrying, dams 
and roads construction and demolition of structures. The frequency 
of soil vibrations caused by blasting varies between 10 and 60 Hz 
[9]. The study suggests that the largest part of energy released by 
explosion propagates through dynamic waves at frequencies up 
to 50 Hz [2]. Another source of anthropogenic ground vibrations 
is dynamic compaction of soils and investigation showed that 
when hydraulic hammer compaction of soil is performed a weight 
of 27 - 400 kN is dropped from a certain height, which can vary 
between 1, 5 and 20 meters, depending on the existing base 
and required compaction level [10]. The study [9] indicates that 
dynamic compaction of soil generates 2 - 20 Hz vibrations while 
the dominant frequencies range from 3 to 12 Hz. Similar results 
are published by [2]. According to them, the biggest amount of 
soil oscillations induced by impact load of hydraulic hammer is 
characterized by 3 - 10 Hz frequency.

Many studies have shown that ground vibrations caused by 
anthropogenic sources have a negative effect on soil through 

which vibrations propagate by movement of transverse and 
longitudinal waves. Longitudinal wave is a movement of the 
localized volume variation (or local density change) of the soil 
mass. The movement of particles caused by the propagation of 
this type of wave is a longitudinal compression-displacement 
movement. The propagation of the longitudinal wave depends 
on the material’s resistance to one-sided deformation, hence, it 
depends on the model of the oedometric deformation of the soil 
[11]. The study [12] concluded that vibrations can affect the soil 
in four different ways: reduce the shear strength of soil; lead to 
excessive settlements; induce soil liquefaction; cause slopes 
instability. A decent amount of research has been conducted 
studying liquefaction process of sand due to ground vibrations in 
the last decades. However, only a few studies have been carried 
out on clayey soils. Moreover, most of the investigation of clay 
liquefaction has been conducted with low plasticity kaolinitic clays 
[13] and demonstrated that for low plasticity index IP (less than 
4) liquefaction resistance of kaolin-sand mixture decreases when 
IP increases. However, the study [14] showed that the increase of 
plasticity index provides higher resistance to liquefaction, though 
plasticity index of the samples they used were higher than 10. 

As it can be seen from the review of past works regarding 
vibrations effect on clay soil, there is a lack of experiments 
that show the effect of different frequency vibrations and their 
relation with basic clay properties, such as over consolidation 
ratio and plasticity index. Also, the behavior of illite clay under 
the existence of vibrations still needs to be studied. Therefore, 
this paper provides an experimental approach to anthropogenic 
vibration’s effect on illite clay and the relation between vibration 
frequency and initial clay properties. Also, our method of research 
will allow simply and quickly evaluate the impact of factors caused 
by anthropogenic vibrations on the strength of soil.

Materials and Methods

Earlier studies in the research of clay soils showed that 
mechanical properties of clay depend on the mineral composition 
of the soil, as well as that the mineral composition of many clays 
depends on the geological formation conditions and is often 
unique in every part of the world. Therefore, when we started the 
research, we decided to perform X-ray analysis of clay in order to 
determine which minerals dominate in our analysed soil.

X-ray diffraction analysis was used to determine the mineral 
composition of clay. The X-ray diffraction analysis of clay was 
performed using the X-ray diffractometer Bruker D8 Advance. 
CuKα radiation and Ni filter were used. The results of X-ray 
analysis (Figure 1) show that tested clay contains quartz, calcite, 
dolomite, dickite, beidelite, muscovite and illite minerals. XRD 
analysis data suggests that tested clay is illite clay. Therefore, the 
results published in this paper have high importance. Most of the 
research carried out to evaluate the effect of soil vibrations on clay 
properties were performed using play with a different another 
mineral structure, with predominance of kaolinite.
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Figure 1: X-ray diffraction pattern of clay (in chemistry laboratory of Kaunas University of Technology).

The object of study in this paper is illite clay soil taken from 
middle of Lithuanian clay quarry. Clay monoliths were excavated 
from approximately 10 meters depth and transported to soil 
mechanics laboratory of Kaunas University of technology for 
the testing. Casagrande‘s graphical method [15] was used to 
determine preconsolidation pressure 0p′  and over consolidation 
ratio OCR of this clay was calculated by equation:

0

0

pOCR
p
′

=  		  (1)

where: 
0p - present pressure.

The results showed that clay was over consolidated (OCR=1.8). 
In order to see the difference of over consolidated and normally 
consolidated clay behavior under the effect of vibrations, a part of 
clay monoliths have been dried in 105 °C until constant mass and 
powdered. As known the shear strength of soil can be expressed 
by Coulomb equation:

tanf cτ σ ϕ= +  	 (2)

where: fτ - failure shear stress;

c - cohesion; 

σ  - normal stress;

ϕ  - angle of friction.

Cohesion and angle of friction of soil can be calculated 
knowing failure shear stress of specimen under each normal 
stress by standard method.

In order to check the change of strength of clay affected by 
vibrations, tests with clay of natural structure were performed, as 
well as samples of clays with different moisture and density were 
selected. In total five different types of clay samples were formed 

and tested for physical properties and mechanical properties 
without and with the effect of vibrations.

Clay A - natural structure clay samples taken from clay 
monoliths. Clay B, C and D samples formed by mixing clay powder 
and water with mass ratio of powder and water content equal 
(Clay B=25%; Clay C=29%; Clay D=33%). Clay E - samples formed 
by mixing clay powder and water with mass ratio of powder 
and water content equal w= 25% and densified using Proctor‘s 
compaction test. 

The plasticity index IP and liquidity index IL of the samples 
were determined using the following equations:

p L pI w w= −  		  (3)

p
L

p

w w
I

I
−

=  		  (4)

where: Lw  - liquidity limit; 	

pw  - plasticity limit; 

w - natural water content in the field.

The initial physical properties of clay samples were 
determined by tests according standards [16-18]. The average 
results of the conducted experiments are given in .

The main aim of this paper is to investigate the different 
clay samples and their strength changes due to the effect of 
anthropogenic vibrations. Therefore, the most important part was 
to perform the oedometer tests and shear tests of clay samples 
under standard conditions and under the effect of vibrations. Field 
laboratory special apparatus of Litvinova (PLL-9) [19] was chosen 
as the equipment for this study (see Figure 2 and Figure 3) because 
it could be assembled to a vibrating table for testing clay behavior 
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under the effect of vibrations. The main part is stand generating 
waves (Brüel & Kjür, type 4802), with changeable parameters. The 
periodic vibrations that are caused by many types of machinery 
operating in periodic cycles, for example: pumps, vibrating rollers, 
compressors and fans. This device is suitable for our research since 
it can be used for modelling parameters of different frequencies, 

amplitudes and time in laboratory conditions. After analysing the 
work of other authors who’s investigated the vibrations caused 
by anthropogenic factors (trains, heavy machinery, construction 
equipment), we selected the following parameters for the test 
methods: vibration frequency - 50 Hz, and amplitude - 0.3 mm.

Table 1: Initial physical properties of clay samples.

Sample name Water content w, % Density ρ, Mg/m3 Void ratio Consistency index IC Liquidity index IL OCR

Clay A 30 2.01 0.512 0.82 0.176 1.8

Clay B 25 1.92 0.638 1 -0.003 1

Clay C 29,00 1.892 0.602 0.85 0.153 1

Clay D 33 1.874 0.56 0.69 0.309 1

Clay E 25 1.962 0.526 1.03 -0.025 1.5

Figure 2: In the parts of apparatus PLL 9 are: 1 - indicator; 2 - draining upper die; 3 - directional cylinder; 4 - retainer; 5 - upper die; 6 - lower 
die; 7 - horizontal load lever; 8 - support for horizontal load lever; 9 - bearing retainers; 10 - device basis; 11- base plate; 12- vibrating wave 
source (Brüel & Kjür, type 4802).

An amplitude of this size was chosen to evaluate the most 
unfavorable test case that occurs when methods are near or 
on slopes. Note that the amplitude of the vibrations during all 
experiments using vibrating table was constant and set to be 0.3 
mm so that the effect of vibrations on illite clay soil mechanical 
properties could be determined based only on the vibrations 
existence and it‘s frequency. Those loads were mainly used 

for study as this value represents most of the anthropogenic 
vibrations mentioned in this paper.

To quickly determine the strength of plastic soils, it is useful 
to use the PLL-9 mobile field apparatus. To ensure the accuracy 
of the field laboratory data, comparative tests were conducted 
with our standardized equipment. The soil testing results were 
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compared with the same primer using only different devices. 
For comparison, the reliability of the results used clay type E (). 
A total of 48 tests were conducted. The tests were carried out 
in accordance with standard test methods ISO/ITS 17892-8 and 

ISO/ITS 17892-10. The strength of the clay were determined by 
calculating the angle of internal friction and cohesion. The results 
are shown in Table 2.

Table 2: Comparative test results.

Laboratory test Angle of friction (°) Cohesion (kPa)

Field laboratory PLL-9 6 54.4

Digital tritest (ISO/ITS 17892-8) 7 53.8

Direct shear tests (ISO/ITS 17892-10) 7 53.6

The samples of illite clay used for testing were cylindrical 
shape of 56.5 mm diameter and 20 mm height (Figure 2). 
Oedometer tests have been performed with 4 different normal 
stresses: 50 kPa, 100 kPa, 200 kPa and 300 kPa. Dial indicators 
were used to measure strain of samples with accuracy of 0.01 
mm. Shear tests on clay have been performed with three different 
normal stresses: 100 kPa, 200 kPa and 300 kPa. Horizontal load 
was increased with a step of 4.8 kPa shear stress on clay specimen 
until it reached limit state and failure shear stress.

The studies were conducted in the accredited laboratory of 
Building Research Centre of Kaunas University of Technology. The 

difference in the results is insignificant, so we can say that we can 
use the PLL-9 field laboratory for research purposes.

Results

The results of oedometer tests are given as stress-strain 
diagrams where the vertical axis represents normal stress acting 
on clay sample and horizontal axis shows the strain of the sample. 
The stress-strain relationship of Clay A without the effect of 
vibrations is illustrated in Figure 4 while the results of the same 
test performed with 50 Hz vibrations are given in Figure 5.

Figure 3: View of shear test using vibrating table (in laboratory of vibration engineering of Kaunas University of Technology).
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Figure 4: Clay A stress-strain diagram under standard conditions.

Figure 5: Clay A stress-strain diagram under 50 Hz vibrations.

Figure 6: Clay B stress-strain diagrams.
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Figure 7: Clay C stress-strain diagrams.

Figure 8: Clay D stress-strain diagrams.

Figure 9: Overall results of oedometric tests.
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To study which physical parameter of clay determines the 
reduction magnitude of oedometric modulus stress-strain 

diagrams of Clay B, C and D samples are given below (Figures 6-9).

Figure 10: Clay A shear test results.

Figure 11: Clay C and D shear tests results.

Figure 12: Clay B and E shear tests results.
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The results of shear tests performed with Clay A are illustrated 
in Figure 10 below.

To get a better understanding of vibrations influence on 
the main strength of clay the shear tests results for the rest clay 
samples are shown in Figures 11,12.

From these results it becomes evident that the over 
consolidation ratio has a relationship with the vibrations 
frequency that increases the pore water pressure in clay the most.

Discussion

The stress-strain relationship of Clay A without the effect 
of vibrations in Figure 4 and same test performed with 50 
Hz vibrations in Figure 5 show that 50 Hz vibrations had a 
negative effect on clay soil oedometric strength. The reduction of 
oedometric strength due to the effect of vibrations is equal to 18.4 
% according to the results.

By analyzing the stress-strain relationships in Figure 6 - 
Figure 9 can be seen that for all 3 samples the 50 Hz vibrations 
had the same effect - in all cases the oedometric strength reduced 
by approximately 30 % when the clay sample was subjected to 
vibrations during the test. Interestingly, the water content of clay 
only had a relationship with the value of oedometric strength but 
no relationship between natural water content and oedometric 
strength reduction due to the effect of vibrations was observed 
from the tests. However by comparing Clay A results with Clay 
B, C, and D oedometer test results it can be noticed that the over 
consolidation ratio has a relation to the reduction of oedometric 
strength. An overconsolidated clay (OCR=1.8) subjected to 50 Hz 
vibrations lost 18.4 % of its initial oedometric strength while the 
oedometric strength reduction of normally consolidated clay in all 
cases was close to 30 %. Shear tests with clay A when the samples 
were affected by 50 Hz vibrations in Figure 10 show – the shear 
failure envelope changed its shape from an inclined line into a 
horizontal line. This is the change of shear failure envelope that 
would be expected in the case then the excess pore water pressure 
generated by the effect of vibrations on clay sample resulted in all 
clay pores becoming saturated with water which directly led to 
complete loss of internal angle of friction of Clay A (φ=0) and the 
strength is constant and depends on undrained shear stress which 
equal to the cohesion of clay.

The results in Figure 11 suggest that 50 Hz frequency 
vibrations are not as dangerous in terms of clay liquefaction for 
normally consolidated clay samples. Here, the effect of 50 Hz 
vibrations is the same as it was for Clay D – the reduction of the 
internal angle of friction by 50 %. Figure 12 clearly shows that 50 
Hz vibrations act differently on the clay samples with the same 
natural water content but with a different over consolidation ratio. 
Clay B is affected by 50 Hz vibrations in the same way as other 
normally consolidated clay samples (Clay C and D). However, Clay 
E reacted to the effect of vibrations in the same manner as the 
other over-consolidated clay sample (Clay A) - the internal angle 
of friction was reduced to zero.

In designing or evaluating the stability of clay slopes, 
embankments or excavations in urban areas with a large number 
of equipment that can cause anthropogenic soil vibrations, the 
most unfavorable values of clay strength should be taken into 
account in calculations and evaluations, i.e. when the clay soil will 
be saturated with water (for example, during the spring flood, or 
during the rainy season) and during the effect of anthropogenic 
factors causing soil vibrations (e.g., trains, heavy machinery, 
construction tremblers, etc.), these factors will lead to paired 
pressure and internal friction angle will decrease to 0. Our studies 
have shown that shear tests with clay samples under the effect 
of vibrations changes when it is subjected to a specific vibration 
frequency. In some tests, the behavior of clay samples was as in 
undrained conditions even though the tests were performed 
in consolidated drained (CD) conditions. Vibrations caused the 
emergence of an excess pore water pressure which led to the 
complete loss of internal angle of friction for A and E cases.

Conclusion

The present study showed that vibrations have a negative 
effect on oedometric modulus of clay. Clay samples subjected to 
50 Hz had bigger strain under the same normal stress than during 
experiments without the effect of vibrations and it can be use in 
design situations of estimation where are possible the wheels 
traffic load. The relation between clay over consolidation ratio and 
the reduction of internal friction angle has been observed during 
the investigation. Normally consolidated clay with different water 
content subjected to 50 Hz vibrations lost approximately 30 % 
of it is initial oedometric strength while the oedometric strength 
of over consolidated clay (OCR=1.8) reduced by 18.4 % under 
the same vibration frequency. Shear tests with Clay A showed 
that 50 Hz vibrations cause the effect of internal friction angle 
reduced to zero in the overconsolidated illite clay. For normally 
consolidated clay (samples B, C, D) 50 Hz vibrations reduced the 
internal angle of friction in half but did not fill all clay pores with 
water. Testing with clay samples over consolidated by compaction 
using Proctor‘s densification method (Clay E) showed that 50 Hz 
vibrations caused the shear failure envelope to change its shape 
from inclined to the horizontal line - the internal angle of friction 
reduced to 0°.
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