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ABSTRACT: The paper presents preliminary studies on dynamic properties of compacted cohesive soil, namely silty clay. In the
article the results of resonant column, torsional shear and bender element tests, conducted on one specimen and in one device are
shown. The variations of maximum shear modulus and damping ratio with excitation frequency are presented. The significant
influence of excitation frequency on maximum shear modulus values and minimum damping ratio values is depicted.
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INTRODUCTION

Safer and less expensive civil engineering designing
requires a very reliable soil parameters. Wrong identification of
soil properties and anthropic activities can lead to geohazard
and subsequently to excavations collapse (Elbaz et al. 2016),
landslide or slope instability. To avoid such black scenario,
many research techniques and laboratory devices were
developed in the recent years. One of them is resonant column
(RC) apparatus. In order to obtain consistent dynamic
parameters, such as shear modulus and damping ratio, RC is
upgraded with bender elements (BE) and torsional shear (TS)
device. Those modifications allow i.e., to, calculate shear
modulus (G) and damping ratio (D) by three different
techniques, on the same specimen, in the same test condition
(Youn et al. 2008).
In late 70s, these needs were noticed by the scientists
from University of Texas. They developed a combined fixedfree RC and TS, over two decades (Isenhower 1979). In 1994,
Stokoe et al. reported two main advantages of the abovementioned device. Firstly, both RC and TS tests can by
performed on the same piece of equipment. Secondly, motion in
TS test lies between 0.1 and 10 Hz and in RC test above 30 Hz.
Therefore, the effect of frequency loading can be deeply
investigated. According to Darandeli (2001), frequency and
number of loading cycles don’t affect shear modulus value a lot.
These factors are, however, more important in damping tests
(Zhang et al. 2005). In 2008, Youn et al. examined small-strain
shear modulus (GMAX). They performed tests in RC equipped
with BE and TS on dry and saturated sands. Their results show
that frequency loading factor depends on the level of sample’s
saturation. In dry condition, frequency excitation has negligible
impact. However, in saturated condition, shear waves velocities
(VS) from BE were greater than those from RC and TS. Thus, a
frequency impact was evident here. Good agreement on GMAX
obtained from RC, TS and BE tests on dry sand sample was also
reported by Gu et al. (2013). In 2015, Cai et al. investigated
sand in saturated condition in modified RC with BE and TS.
They paid a lot of attention to the fine grains content in the sand
mixture. They showed that with an increase in fine grains
content, the difference between RC, TS and BE tests results
decrease.
Most of the mentioned articles focus on granular soils in
dry or fully saturated conditions. Nevertheless, dynamic
properties of compacted cohesive soils are required in most of
the civil engineering constructions, like dams, embankments, or
levees (Inci et al. 2003). Dutta and Saride (2015) reported that
compacted cohesive soil behaves the same as the natural one in
the basic RC test. Prashant et al. (2016) developed a new

method for determining GMAX using BE within the mould of
laboratory compaction test. The issue with seismic response of
earth dams of unsaturated zone was described by Ariyan et al.
(2016). In order to investigate the saturation influence on
dynamic parameters Dutta et al. (2013) performed two series of
tests in RC. First number of tests was carried on the compacted
specimen at optimum moisture content, whereas second, on
fully saturated sample. A reduction of G and an increase of D
with the saturation level were observed.
Nevertheless, in every article referred in this paragraph,
the results were obtained based only on one technique.
Therefore, the authors of this paper aimed to study dynamic
properties of compacted cohesive soil by three methods, i.e.,
RC, TS and BE tests, made on one specimen, in one apparatus
and in the same conditions. Their results are presented below.
2

MATERIAL AND METHODS

The tested material was silty clay (siCl) according to PNEN ISO 14688. The soil was collected from dam core, Świnna
Poręba. Then, in the special mould of laboratory compaction
test, with 70 mm diameter and 140 mm high, our sample was
created, with the use of normal energy compaction 0,59 J/cm3.
The examined sample was built at around optimum moisture
content, which was estimated by Proctor test. Basic physical
properties of tested soil are presented in Table1.
Table 1. Physical properties of tested silty clay (siCl)
Parameter

Value

Parameter

Value

Density (g/cm )

2.15

Liquid limit (%)

29.5

Water content (%)

13.7

Plasticity index (%)

11.9

Optimum moisture
content (%)

14.1

Liquidity index (-)

-0.33

Plastic limit (%)

17.6

Consistency index (-)

1.33

3

Laboratory tests were performed in fixed-free RC
equipped with BE and TS device. Appropriate dynamic studies
was performed under two levels of mean effective stress,
namely 85 and 170 kPa. Before dynamic tests, our specimen
was consolidated at optimum moisture content. In standard RC
test, specimen was set in torsional motion, in the amplitudes
range from 0.005 to 0.2 V. Based on resonant frequency of the
specimen, GMAX was calculated. An accurate description of
shear modulus estimation, together with the proper application
of RC can be found in Sas et al. (2016). Damping ratio was
calculated by free-vibration decay (FVD) and half-power
bandwidth (HPB) methods, knowing the estimated first
resonant frequency. Summary of these methods can be found in
Sas (2016). TS tests were performed at three frequencies: 0.1, 1
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and 10 Hz. Blueprint and scheme of works of TS device can be
found in other Authors publication (Gabryś et al. 2016). In BE
tests, peak to peak method was employed. Sinusoidal waves,
between 12.5 and 6.25 kHz, passed through our specimen,
which gave the ratio - specimen to wave length, from 6 to 3.
More precise description of peak to peak technique and the
construction of piezoelements can be found in Sas et al. (2016).
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RESULTS

The results of studies on compacted silty clay are
presented in figure 1. In this figure, variation of GMAX with
excitation frequency for all three techniques, i.e., RC, TS and
BE, under two levels of mean effective stress, p’=85 and 170
kPa, is shown.
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Figure 1. Variation of maximum shear modulus GMAX with excitation
frequency using various measurement techniques.

It can be seen that with an increase of mean effective stress,
GMAX increase as well, for all three methods. This trend is
widely recognized by the worldwide researchers. An increase of
GMAX with increase in excitation frequency also can be seen in
figure 1. However, GMAX values obtained from RC, TS and BE
are not in good agreement. The differences between RC and TS
results are smaller than between RC and BE. This phenomenon
has already been observed, but for the sands. The Authors
presented this topic in the introduction section.
Minimal damping ratio (DMIN) values for tested soil are
presented in table 2. A decrease of DMIN with the increase in
mean effective stress can be observed. It is confirmed and as
well typical dynamic behavior of every soil. GMAX also DMIN
values increase with the increase in motion frequency,
However the same frequency did not give similar results in the
case of FVD and HPB methods. The differences between these
two techniques are 25% and 31% respectively for p’=85 and
170 kPa.
Table 2.Value of obtained minimal damping ratio (DMIN) from TS and
RC tests.
Test type

Torsional shear

Resonant Column

Frequency

110
0.1

Stress level

4

119

1
FVD

HPB

FVD

HPB

85

1.6

1.8

3.1

3.9

-

-

170

1.4

1.7

-

-

2.9

3.8

CONCLUSIONS

In this article, the preliminary studies on, compacted at
optimum moisture content, cohesive soil from dam core Świnna
Poręba were presented. From laboratory tests the following
conclusions were drawn:
1. GMAX increases with mean effective stress increase.

DMIN decreases with mean effective stress increase.
GMAX obtained from RC, TS and BE are not in good
agreement, thus excitation frequency has a significant
impact of GMAX values.
GMAX values increase when excitation frequency
increases.
DMIN acquired from RC and TS are not in good
agreement. Loading frequency has also impact on DMIN.
DMIN increases with excitation frequency increase.
DMIN values obtained from FVD and HPB techniques
are substantial different. However, in this stage of
research, it is difficult to say which values are for sure
correct. More studies have to be conducted to solve
this issue.
Next stage of the Authors research on compacted soil
will be examination of sample saturation on GMAX, at
different excitation frequency.
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