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Abstract. Construction of industrial and civil buildings, taking into
account the dynamic effects on the foundations, requires special
experiments on the mechanical properties of soils. This article presents the
results of studying the dynamic properties of coarse gravelly soils using the
resonant column method. These studies are relevant, since the
determination of the dynamic properties of coarse-grained soils under
laboratory conditions is associated with a restriction on the size of the
fractions in the sample volume. This circumstance leads to the fact that at
the moment most of the laboratory tests of the dynamic properties of
coarse-grained soils are performed on smaller aggregate fractions, which,
in general, significantly reduces the resulting mechanical properties of
soils. It does not reflect the real operation of the foundation of buildings
during dynamic effects. This paper presents a description of the available
laboratory equipment, the sequence of preparation of samples of coarse
grained crushed stone soil and sample assembly in the working chamber of
the installation. The article contains the main graphs characterizing the
change in shear modulus and damping coefficient depending on shear
deformations. It is noted that the results obtained are particularly relevant
for modeling the dynamic effects of natural and man-made character on the
foundations of industrial and civil buildings, the bases of which are
composed of coarse-grained soils. Dynamic parameters considered in this
paper, can and must be used in numerical calculations by finite element
method with the use of modern groundwater models in geotechnical
software systems.

1. Introduction
Engineering surveys and design of the foundations of industrial and civil buildings in
seismic areas require special types of studies of the dynamic properties of soils. And
without that, not an easy task becomes more complicated when designing bases composed
of coarse-grained soils lying within the limits of the compressible strata. Such bases can be
represented by gravel (rounded) or crushed stone (angular) coarse-grained particles of rocks
[1-3].
Currently, considerable experience has been gained in the study of the dynamic
properties of sandy and clayey soils both in laboratory and in field conditions. However, the
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results of the determination of stiffness and damping for coarse soils are presented not so
much. The main problem of studying the dynamic properties of coarse soils in the
laboratory is the limitation on the size of the inclusions allowed in the soil sample. The
diameter of the sample for research is chosen so that the maximum size of the inclusions
does not exceed 1/6 of its diameter [4-7]. In practice, studies of the mechanical properties
of coarse-grained soils are often carried out completely and completely by «aggregate»,
thus obviously worsening the parameters obtained during the tests [8, 9].
Focus on laboratory studies, among which the most common should be noted tests of
the method of dynamic triaxial compression and resonant columns. The method of dynamic
triaxial compression is less suitable for determining the dynamic properties of coarsegrained soils, since there are not always realistic requirements on the accuracy of
displacement measurements. It is necessary to use LVDT-strain sensors on a local base,
allowing to ensure the specified measurement accuracy. Such tests are very time
consuming.
Laboratory studies of coarse-grained soils by the method of low-amplitude dynamic
tests in a resonant column are also busy, however, they allow the analysis of dynamic
properties with high accuracy. The range of measurement of shear deformations in resonant
columns is much wider than in the conditions of dynamic triaxial compression. Studies in
resonant columns are carried out to determine: the speed of transverse waves (V S, m/s), the
dynamic shear modulus (G, MPa) and the damping coefficient (D, %) of the soil in the
range of shear strains of the order of 10-4-10-2 %, as well as to study the changes in these
indicators in the range of small shear deformations (not more than 0,1%) in order to
calculate the vibrations of structures under dynamic effects [10-12].

2. Methods
Prepared samples of limestone rubble in the form of a continuous cylinder were placed in a
chamber of three axial compression and, after preliminary isotropic consolidation, were
subjected to dynamic loading by applying torsional vibrations of variable frequency to the
upper - free end of the sample. In the process of oscillation, the soil undergoes a simple
shear deformation. The amplitude of the shear deformation is determined at each frequency
of the specified range, which allows to obtain the amplitude spectrum of the soil reaction
and determine the resonant frequency of the sample. By first natural frequency of the
sample is calculated shear wave velocity in it (VS,), and then a dynamic shear modulus (G).
The soil damping coefficient (D) is determined by the damping of free oscillations, or
by the width of the resonance curve near the resonance with forced oscillations, and the
absorption is assumed to be classical in nature. During the experiment, the amplitude of the
dynamic load gradually increases, which allows determining the changes in the shear
modulus (decrease) and the absorption coefficient (increase) with an increase in the
achieved amplitude of shear deformations [13, 14].
Dynamic tests of coarse-grained soils by the method of a resonant column were carried
out according to a consolidated undrained scheme, since any change in the shape or mass of
the sample during the test changes its inertia moment and distorts the final result [15, 16].
The study used a resonant column with an electromagnetic system for creating torsional
vibrations, the drive of which is located inside the chamber of three-axis compression. In
addition, there are devices for measuring small angular movements (turns) of the sample,
which are accelerometers. The loading system provides the excitation of torsional
vibrations in the range from 0 to 200 Hz. General view of the installation is shown in
Figure 1.
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Fig. 1. General view of the resonant column available at MSUCE (Moscow, Russia). The numbers
indicate: 1 - the actuator; 2 - the camera; 3 - lifting device; 4 - force sensor; 5 - pressure sensor

Inside the three-axis compression chamber there is a soil sample, an active plate with a
top die, an accelerometer, magnetoelectric drives, a displacement sensor. Four
magnetoelectric drives and a vibration transducer are installed on the upper active plate,
creating a torque (Figure 2).

Fig. 2. Diagram of the upper active plate of the resonant column. Numbers indicate: 1 magnetoelectric drive; 2 - bracket; 3 - clamp; 4 - vibration transducers; 5 - plate

Formation of samples using the method of dry layered dumping was carried out in a
cylindrical detachable form-template (Figure 3), installed directly on the pedestal of the
camera of the three-axis compression device, with a latex membrane stretched on its inner
surface. Since the granules of limestone rubble have sharp edges, to avoid damage to the
latex membrane, smaller particles are poured between larger particles, and then sandy
aggregate is poured between smaller particles. When tapping with a rubber hammer on the
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base of the chamber, a tighter soil build was achieved. After installing the stamp and fixing
the upper end of the membrane on it, but before filling the chamber of the device with
water, a vacuum is applied to the sample to increase the effective stresses and preserve their
homogeneity through the upper drainage line. The lower drainage line remains blocked.
After that, the upper drainage line was hermetically sealed, the detachable form-template
was removed [17-19].

Fig. 3.Template form with a latex membrane at the time of filling the soil sample

Water saturation of initially dry coarse-grained soil was carried out directly in the
device chamber. First, the sample was subjected to hydrostatic compression to σ3 = 10 ... 15
kPa with simultaneous removal of vacuum in order to avoid radial deformations. The
sample was filled with distilled and pre-evacuated water for complete degassing with water
from below with a pressure of about 30 cm until the evolution of gas bubbles with water
through the upper drain line ceased. Such preparation allows to obtain fully water-saturated
samples with the Skempton parameter β = 0.94 ... 1.00 (depending on their density of
addition).
After the consolidation was completed, the drainage was blocked and the soil sample
was tested with the specified dynamic load parameters that are not associated with the
expected dynamic effects on the soil foundation and are created to determine the
characteristics of the soil as an environment of propagation of oscillations. The amplitude
of dynamic stresses is given by the magnitude of the torque applied to the upper (free) end
of the sample. The range of oscillation frequencies in which resonance is expected, and the
frequency change step during the experiment was set by selection, based on the expected
response of the soil and is adjusted in subsequent tests. During the experiment, we
measured the maximum values of the angular displacements (turns) at each step of
changing the oscillation frequency [20].
The initial torque was chosen in such a way that the resulting shear deformations were
as small as possible, but at the same time allowed to fix the resonant frequency with
confidence. It should be noted that the magnitude of the initial torque also depends on the
magnitude of the compressive stresses. The frequency range was taken from 20 to 200 Hz.
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At each frequency of the selected range, 5-10 cycles of oscillations were carried out to
obtain a stable reaction of the soil [21].
After the completion of the forced oscillations at each step of loading, the damping of
the free oscillations of the sample was recorded, the change in the amplitude of which
allows the damping coefficient to be calculated later.

3. Results
Data processing consisted in calculating for all steps of dynamic loading the relative shear
deformations γ, determining its value τmax at the resonant frequency ω and calculating for
this frequency the velocity of the transverse waves Vs and then determining the dynamic
shear modulus G and the absorption coefficient D.
The relative shear strain γ is calculated from the measured angular displacements as the
skew angle tangent Θ at a point remote from the center of the sample at 0,78r 0 for solid
samples at each step of changing the excitation frequency. According to the results of the
calculation, a resonance curve is constructed, from which the value of the resonant
oscillation frequency ω is taken at γ = γmax.

Fig. 4. Graph of shear strain γ (u.f.) versus frequency ω (Hz) used to calculate shear modulus G (kPa)

The value of the velocity of the transverse waves Vs is calculated from
1

 2
J
Vs   h  
 
 J0  ,

(1)
where - J is the moment of inertia of the sample (calculated from the mass and geometric
dimensions of the sample in accordance with the known physical relationships at the time
of the end of consolidation) for a solid cylindrical sample of mass m and radius r J=0,5mr2; J0 - the moment of inertia of the power drive of the installation (indicated by the
manufacturer in the documentation of the device), h – sample height, ω – resonance
frequency.
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Having determined from (1) the velocity of the transverse wave V s, the dynamic shear
modulus is calculated from

G  Vs2 ,

(2)

where ρ is the density of the soil.

Fig. 5. Graph of acceleration a (m/s2) versus time t (ms),
used to calculate the damping coefficient D (%)

Fig. 6 .Graphs of the dependence of the normalized shear modulus G/G0 (u.f.)
and the damping coefficient D (%) on the shear strain γ (%) for coarse-grained soil

According to the results of observations of the damping of free oscillations in time, a
graph of the variation in time of shear deformations is built (Figure 5), based on the peak
values of which a linear dependence is constructed γmax(t) = γ0-δꞏln(t), where δ is the
logarithmic damping decrement, γ0 is the peak value of the shear strain in the 1st cycle. The
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absorption coefficient (D), estimated as a percentage of the critical attenuation and used, in
particular, to take into account the damping properties of the base is calculated from

D

2
4 2   2 .

(3)
Further analysis is reduced to the construction and study of the dependences of the
dynamic shear modulus and the absorption coefficient on the level of the resulting shear
deformations (Figure 6).

4. Conclusions
Based on the results of special laboratory studies performed on the dynamic properties of
coarse soils, the following main conclusions can be made.
1. The difficulty of studying the dynamic properties of coarse soils in the laboratory is
the restriction on the size of large fractions in the sample volume. In this regard, tests are
carried out on the placeholder, which ultimately leads to a deterioration in the resulting
parameters.
2. Tests using the method of resonant columns allow to determine the speed of
transverse waves (VS, m/s), the dynamic shear modulus (G, MPa) and the absorption
coefficient (damping) (D,%) of the soil in the range of shear deformations of the order of
10-4-10-2 %, and also allow you to identify changes in these indicators in the range of small
shear deformations.
3. The obtained results allow to perform dynamic calculations of the bases of buildings
and structures, composed of coarse-grained soils, in seismically dangerous territories. At
present, such calculations are performed mainly by numerical calculations using the FEM,
implemented by special geotechnical software systems.
This work was financially supported by Ministry of Education and Science of the Russian Federation
(1.4984.2017/6.7). All tests were carried out using research equipment of The Head Regional Shared
Research Facilities of the Moscow State University of Civil Engineering (RFMEFI59317X0006).
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