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Abstract — The standard procedure to determine
dynamic parameter of soils in the laboratory is the
Resonant-Column test (ASTM D-4015). The objective
of the present work is to overview alternative testing
and interpretation methods based on small-strain
measurements using continuous sinusoidal, pulse
signals or random noise. The use of unconventional
excitation signals and frequency domain methods
extends the possibilities of testing. A technique,
already applied to the analysis of nonlinear systems,
combines sinusoidal signals and random noise
showing a good potential for a quick evaluation of the
dynamic properties of soils. Sarting from this
technique, we propose a procedure devoted to soil
testing combining chirp with strain amplitude control
and random noise. The aim is to improve the quality
and to reduce the testing time for the evaluation of the
dynamic properties of soilsvs. frequency. The use of a
dynamic simulator allows a quick testing of new
analysis software devoted to RC testing systems giving
greater confidence in the quality of work done to face
thischallenging test.

.  INTRODUCTION
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Fig. 1 SDOF system

The elastic resistance to displacement is provided b
the weightless spring of stiffness k, while therggdoss
mechanism is represented by the damper c. The aktern
dynamic load producing the response of this systetime
time-varying force F(t). There is a simple analogy
between straight line and rotational motion chaggin
acceleration, force and mass with angular accéerat
torque and moment of inertia.

The small strain stiffness of a soil is charactetiby
its initial shear modulus that is one of the magpdrtant
parameters required to study problems related with
dynamic and static movements of the ground and
geotechnical structures.

The RC test is currently recognized as the reference

The standard method to identify the behavior ofaboratory method to evaluate dynamic properties of
approximated single degree of freedom (SDOF) systeﬁp"_s- In resonant column_ testing, a soil Specinmen
may benefit from elaboration borrowed from generafXxcited under torsional excitation at differentgfuiencies
dynamic system identification techniques. We willto measure the transfer function between the applie

introduce these methods applied to RC test andhero

applications.

The solution of a typical structural dynamics probls
considerably more complicated than its static cewyart
is. This is due to the addition of damping and iaetd

the elastic resistance and to the time dependehefl o

force quantities.

force (torque i.e. current into the coils) and theasured
response (angular acceleration or displacement).

The measured data are fitted with the theoretical
transfer function of a SDOF system to determine the
resonant frequency and the damping ratio of thesriaht
The standard test requires that the input signgufecy
be increased until resonance is reached. Then it is

Any linear elastic structure subjected to an extern possible to compute the dynamic properties of tikeas

dynamic excitation has physical properties relatedts

derived from the dynamic equilibrium of the speaime

mass, elastic properties (stiffness), and energy-lo By means of the RC apparatus, it is possible téoper

mechanism (damping).

other tests by modifying the characteristics of the

The simplest model of a SDOF system assumes th&kcitation or using non-explicit relationships. Buc
each of these properties is concentrated in a esingmethods may be used to assess the dynamic prapattie

physical element. A sketch of such a system is shiow

Fig.1 where the entire mass m of the system isided

loading frequencies away from resonance.
Certain dynamic characteristic of the soil can be

in the rigid block which can move only in simple measured better with a specific method and it sreble

translation and the single displacement coordirete
defines its position.
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to have a set of testing methods to obtain all the
information from one specimen.
The methods considered are RC conventional test
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(RCS), the RC sine chirp test (RCC), the RC randomanalysis is linear elastic being the applicableiststress
noise test (RCN), the non-resonance test (NRC)taad relationship defined by the initial shear modulusl @&
combination of random noise with sine (FN and thesmall damping ratio.
proposed RCX). Fig. 2 shows a summary of the test When the cyclic strain has an intermediate valbe, t
methods considered and their acronyms. soil behaves as an elasto-plastic material. Indhse, the
YR r— shear strain is not sufficient to generate permanen
E | A f\ ;\J‘jm‘iw}““‘\“‘ vl Lk 1/ i changes in the soil structure and the stress-staine
A ’a/" I ““ “H“f‘ IR | during cyclic loading is a loop.
LA L IR In such a situation, the appropriate method of sl
Res is whichever linear or nonlinear.
B L i e When the soil is subject to great shear strainarshe
NRC modulus degrades according to the number of cyttes.
Fig. 2 Test methods and waveforms this situation, the analysis method should be neali.
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Some of the methods are based on frequency domain . SYSTEM DESCRIPTION
analysis where the work is all on vibration modes,
resonance frequencies and damping ratios.

Using noise instead of sine functions as the etarta
signal reduces the limitations of the traditiorests with
lower vibration levels and less undesirable infiesron
material.

The combination of sine and noise shows a go
potential for the evaluation of dynamic propertésoils
as a function of frequency in resonant column nesti

In the RC testing system, the soil sample is placeal
triaxial stress chamber and is loaded with torqud a
isotropic load with the assumption of base fixihddree
head.

An electromagnetic motor using current to causguer

0Qenerates the stress. In the apparatus, the dystens
inducing torque has a quite significant inertia.

Changes in specimen length and volume are considere
to adjust sample mass polar moment of inertia.

The apparatus can measure static and dynamic

Il.  THEORETICAL BACKGROUND deformation characteristics of soil samples or sotks
Ji] the small and medium-sized amorphous deformation
range (up to 0.1%).

Megaris has been developing and manufacturing since
&'993 a number of RCTS apparatus for sample diameters
ranging from 38 mm to 100 mm and maximum torque
levels ranging from 1 Nm to more than 15 Nm.

Torque is proportional to the current flowing ineth
coils, controlled directly by a high accuracy efenic
amplifier, minimizing the effect of counter EMF.

G and D depend upon the level of strain A control and data acquisition system supervises th

. . : = entire test system, tracking the response of thé so
% 4_‘ % % sample by confining and pore pressure, axial
. ; displacement, volume change, head angle of rotatmsh

! ! acceleration.

An accelerometer and a couple of proximity sensors
compose the measuring system of angular movement. A
innovative micro positioning unit provides a zeiof
the proximity sensors. The use of multiaxial MEMS
accerometers allows the detection of improper tvidna
modes and radiated components.

Shear stiffness and shear damping are the key s
dynamic properties. These parameters exhibit liaear
nonlinear changes in the strain ranges.

A typical scheme shows a decreasing trend of she
modulus G and an increasing trend of material dagpi
D as strain increases. Fig. 3 represents grapjitiad
different zones and threshold strains along the uiusd
and damping.
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Fig. 3 Shear stiffness and shear damping versus y V. SYSTEM IDENTIEICATION
When the soil is subject to very small strain, its It is the basic knowledge area to build mathemhtica
mechanical behavior is practically linear elastithw models of dynamical systems from measured data. It
recoverable deformation and negligible energyincludes also the optimal design of experiments for
dissipation and it does not degrade with the nundfer efficiently generating informative data for fittinguch
cycles. models as well as model reduction.
Under such a situation, the appropriate method of System identification has received a growing irgere
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over the last decades also to face the major cigal¢o
reduce the cost, make it more user friendly and ti
optimize the experiment using less time and legsggn
to accomplish the task. The main goal of any syster
identification is to find parameters of a matheslti
model representing a physical system (in our cadle s
and test system) by making use of the input angubut - T
data describing the excitation and response ofyhtem. ik === ‘ :
The soil behaves actually as a non-linear materidl a " i —
may be perceived as a classification problem irctviie L : ‘ L
non-linear parameters are extracted using the moflel "*'f|~f'a#”'u<i' CEELE o ,!;f‘;"\;“
the underlying linear system. Fig. 5 The frequency response model
It can also be perceived, as a problem of "model
updating" and in this approach, the linear modethaf
structure is refined/corrected
experimental measurements.
In the general system identification field, mettozded
on mapping of stiffness and damping at each frecpen

value is suggested by Mertens et al. (1989). o Each test is made of N samples, which are equally

For a non-linear system, properties like supersit gn50e4 by an intervat. The frequency resolution A =
r.eciprocity, homogeneity, which form the backborfe 0 1/(At*N) and according to Shannon’s sampling theorem
linear theory, are notvalid. o the maximum frequency for a discrete signal is

For instance, the soil exhibits a non-linearity fas Fmax=1/(24At).

Fig.3 that has a similar stiffness variation as foe Consequently, the time interval depends on theerigh
softening cubic non-linearity (Fig.4). expected frequency in the logged signal, the nunalber
samples per test depends on the desired frequency
resolution and the number of tests affects the restoe
level in the frequency of interest.

The system resonance frequency is experimentally
obtained during the test. If the laboratory procedis
performed without any kind of automatic closed-loop
control, it becomes a time-consuming process.

An automatic system may solve this problem in
different ways:
¢ Application of a chirp (within a preset range of

frequencies and interval). The response amplitude
0 . varies with frequency and its peak is the system
1 0 resonant frequency

Fig. 4 Comparison linear and non-linear responses * Application of few cycles at a fixed frequency with
the measurement of the phase lag between the input

Input Force Frequency Response Vibration
—>

(Amplitude, Frequency,
Phase)

(mass, damping, stiffness) (Amplitude, Frequency,

Phase)

X(w)

Flw) x H(®) =

) It is a valuable tool for the selection of an agpiate

in order to matcle th ¢ nctional form for the nonlinearity. Frequenciesthw
coherence function values close to unity mean perfe
linear relationship between the two signals andmiath
contamination caused by noise or other non-liniearit

Linear

o Hardening
Softening

Response amplitude at

excitation frequency

In the hypothesis of linearity, the knowledge oé th
transfer function of the RC system allows the*
determination of the dynamic parameters of theesyst
Actually, the transfer function of the input towarthe
output isolates the inherent dynamic propertiesaof
mechanical structure including the soil specimen.

The mathematical treatment in the frequency donsin i
similar to what is used in dynamic structural tegtiin

and output signals

Application of a random noise with a frequency
content adjusted after a preliminary broadband test
This is possible at low strains level.

V. INFLUENCING FACTORS

The RC test is done under the assumption of linear

which the transfer function H, between input x(fjda behavior but in most cases the soil behavior isfriam
output y(t) signals is computed from a number ofada that condition and the transfer function is chaszed

series.
The quality of the transfer function is assessedhiey
cumulative coherence function that is always betwee

by a non-symmetric shape.
Nonlinearity is generic in nature, and linear bebiais
an exception. In certain cases, the phase lag batwe

and 1 and gives a measure of the linear dependenti@ut and output signals in resonance does not Have

between two signals as a function of frequency.

same value as if the system were linear. The thebry

non-linear oscillation could be a good framework to
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develop this type of analysis.
Among the factors affecting soil dynamic response a
stress/strain rate, duration of excitation, moistcontent,

The test usually consists of two steps, one withrgel
range and the following with a small one around the
resonance. Each frequency is applied for a fixedbarm

confinement and frequency. Method based on mappingf periods.

stiffness and damping at each frequency is a classi
detect the presence of non-linearity in a singlgrele-of-
freedom system.

For the case of the initial shear modulus, it isassary
to exclude from the table the strain amplitude beea
this factor is constant and kept at the smalledtieva
possible. In addition, the number of cycles of logds
not important, because shear modulus is unaffeloyed

RCC uses a chirp linear modulation i.e. a contisuou
modulation where frequency increases within thatéim
set by the user.

To improve the performance, the spectrum ripplelev
can be reduced introducing short rise and fall sirfie-F)
at the signal ends. As a result, there is verle lipfower
outside the band of interest.

Fig. 6 shows the spectrum of a linear chirp with 48é

this variable when dealing with small strain ranges and fall and time-bandwidth of 250.

In general, for soils, increasing the frequencg, shear
modulus has a slight trend to increase while thapiiag
ratio does not exhibit a clear tendency. Lai et{2001)
and Khan et al. (2008) noticed a change of the mhyma
properties of soils and evidenced frequency depwale
implicit into the dispersive nature of soils.

Biot (1956) first studied the influence of the fueqcy
in a liquid-saturated porous solid introducing the
concepts of apparent masses and dynamic couplin|
between water and solid to explain the variatiostedar
wave velocity as the wave frequency increases.

At low vibration frequency, the solid particles atick
water move together due to the viscosity of theewats
the frequency increases, there is a relative motion
between solid and water since the viscous foroedess
important in comparison with the inertial forces.

The shear wave velocity increases as the input

frequency increases and this effect is more importa |t is possible to clean up the transfer function

when the soil permeability is relatively high. Therepresentation, that may appears very noisy edpecia

boundary of this region is the “characteristic freqcy”  when low strain amplitude are used. The techniqee us

defined as the frequency in which the viscous sldpth  may be a simple non-causal moving average filtptieg

of the flow matches with the radius of the pores. to FFT samples. As common practice, a generous zero
About frequency related factors, a work from Shibuy padding maximizes the FFT resolution in the freqyen

et al. (1995) on cohesive soils, explains thatdaeping  range of interest.

ratio increases at frequencies below 0.1 Hz forctleep Fig. 7 shows what can be the noise difference batwe

effects of soil skeleton, remains constant betw&rand  the spectral response using RCC with (the blaak lamd

10 Hz due the dominant hysteretic damping and &s&® without the filtering, function (the gray patternn o
above 10 Hz because of the pore fluid viscosity. background).

Moreover Meza-Fajardo and Lai (2007) demonstrated
that phase velocity and damping ratio are interedepnt
and therefore should be simultaneously determined
during testing, in opposition to the conventional
procedure in which each value is obtained by mdan o
separated techniques.

Fig. 6 The chirp spectrumwith T.Af =250 and 4% R-F

VI.  STANDARD AND CHIRP METHODS i ‘”1
RC conventional test (RCS) and RC sine chirp test — | T i
(RCC) were the first methods used for soil T : Ty
characterization. IR [l ‘

In the RCS frequency increases in discrete stefisavi
defined sequence and the specimen resonant fregignc
the one with the maximum response amplitude.

I

KN

Fig. 7 Alow strain filtered chirp RC
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Vil.  RANDOM VIBRATION constant and lower than the “linear cyclic” thresho

Fig. 8 presents the ratio between the strain (jragid
e stress (torque) at constant strain versus éragyu

A peak in the ratio appears at the resonance frexyue
of the system, because at this point it is necgssamall

The transfer function of a system may be obtaine(gh
using random noise as excitation. Random vibrations
cannot be used for higher levels of strain becdhse
system becomes non-linear, which is the premisthef torque to produce the target strain

frequency domain analysis of linear systems. To work at different frequencies, the excitation

The test should last an adequate amount of time ar}ﬂn . . ; .
) X ! . - litude should be modified to obtain the targetis.
requires the adjustment of the input signal by ryirg Tg guarantee constant shear strain, Khan et a0i8j20

its frequency content according to the first modehe used a NRC at a single-frequency sinusoidal eimitat

system. AR : :
A torque narrow band random signal applied to théN'th initial amplitude of a previously performed BCbut

specimen is able to obtain dynamic properties ay ve different frequency.
small strain where RCS and RCC tests are not aecura 0.010
Usually, RC are able to impose shear strain lefreis ' Y
10-6 to 10-4 and with the use of random noise lthg _ :
may be even reduced. 0.008
Amini (1995) conducted a study showing that theetim
effect is less pronounced during random than sidaso
vibration at the same level of strain. This methodld
correct the error in the estimation of the dampiatio
caused by a low frequency resolution. ) “d
Cascante and Santamarina (1996-98) studied tr ™
random noise technique and presented a relatiortship 0.002 gue*™ T
compute the representative strain level considdtiagin

0.006

1]
S
=]
=
-

&

0

6 /T [Rad/Nm)]

random vibrations there is not a representativek pga Do 165 170 175 180 185
vibrations like in sinusoidal excitation testing. f=w/2n [Hz]

The representative shear-strain level is still a Fig. 8 Theratio between the strain (angle) and stress
questionable issue: should be used the RMS, the grea (torque) at constant strain [ 7]

any other intermediate value? Nevertheless, thigest

does not prevent its utilization because soil prige They found, in the small strain range, a good ages¢m
obtained by this method are under the linear rafige. in shear modulus and damping ratio results andafge
shear modulus obtained by random vibrations maybe strains that the RCS and RCC method overestimhtes t
to 15% greater than values measured by conventionghmping ratio because the shear strain level is not

resonant-column testing. constant for all the frequencies.
Some studies using non-resonance techniques facus o
VII.  NON-RESONANT TEST (NRC) the effect of the frequency on the initial sheardoias.

According to these studies, the shear modulus Istigtat

To obtain the dynamic properties the resonant dmmdi  trend to increase with frequency probably due te th
is not necessary. dispersive nature of wave propagation on soils,ctvhi

If a harmonic excitation with known frequenay)(and implies that velocity and damping ratio are freguen
amplitude (TO) is applied to the system, and tiselteng  dependent.
rotation @) and phase lag are measured, the
unknown variable i€2*, since the apparatus constants 1.2
previously determined by calibration.

Applying the Newton-Raphson method to the com
values of variables, it is possible to solve
transcendental equation and to compare the dyn
properties at different frequencies.

The Non-Resonance method was first used on
determination of the dynamic properties of polynens
composites (Read and Dean, 1978). In geomatetials
et al. (2001) firstly applied the NRC method fingligood
agreement if the frequency point is the resonance.

To verify how the dynamic properties are relatethi
excitation frequency and taking into account then-no
linear behavior of soils we need to keep the skeain

——RC Method
—S—Equal Strains

-
1

o
0]
1

o
B
1

Normalized Magnitude
o
[e)]

o
N
1

0 T T T T T
0.85 09 095 1 1.05 1.1 1.15
Normalized Frequency
Fig. 9 Transfer function of RC (RCSor RCC) and equal
strain (NRC) points[7]
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This method consents anyway measurements of shear X.  PROPOSED HYBRID METHOD
modulus and damping ratio of soils over a broad

X . Starting from these results, we added a software
ggﬂ:ne:g] éig?seioggliﬂggr% eF\z,E(:;Z)S (combined resonanLtlpgraded application to mix the benefit of RCC with

NRC should be used with caution, because it is vergqg;e c(gngigtsrﬁ?\th:nd ;?(cﬁ;trioljlcs-risr.la-lr: I(S:onnn;%ti:?nd rcarlllied
sensitive to small changes in the torque and theseh g g

angle measurements. For high strains, the degmudatiWlth strain amplitude control and random noise.

. : In using this overlap of excitations lies a tradeof
EL%%ZCES tﬁg :?ai;?gﬁitﬁgigﬁdes contributes tordiste between the length and breadth of chirp sweep hed t

duration and amplitude of the white noise. A chiop

fast and broad does not permit a sufficient qualitghe

IX. THE FN METHOD system model reconstruction by the white noise. In

r,general, the frequency range of both chirp andenoan
overlap and should be limited to a variation betwee
ecade under and a decade above the resonantrfoyque

A new methodology (FN) was proposed by Moayeria
(2012) to evaluate the dynamic properties from a
T e e of e system
the required strain amplitude added with a small This approach may be used to conduct in a relatively

amolitude narrow band random noise. Similar te ol short time shear modulus and damping measurement
P ; o L olhesy versus frequency at constant strain level, ensigregter
were used for the identification of non-linear storal

Ssvstems investigation capacity on the soil non-linearity.
yTo obt.ain variation due to non-linearity in struetu The aim is to improve the quality and to reduce the
testing, Feldman (1994) proposed a method based testing time for the investigation of the frequereffect

Hilbert transform to analyze the systems with extimn the dynamic properties of soils in the RC test.

under narrow and wide band random excitations &wl s The strain level induced in the specimen by the slow
. chirp acts on the resonant frequency and on thepithgm
and fast sweep sine tests.

In the RC, the strain level induced by the fixedesi coefficient, whereas the random noise is used tectle

controls the resonant frequency and damping caoefiic the shape of the transfer function.

of the specimen whereas the random noise contnels t The iimplementation of an automatic system avoids
p . accumulating loading cycles that may cause soll
shape of the transfer function.

The representative shear strains estimated from R gradation especially at elevated strain level. dfuce

and RCC method are less accurate than the NRChand fh grll(i;?;] cftg?{gb;r;ig?nnpﬁ;hc?r:?tzgg noise paraTets
FN methods. The variation of dynamic properties with . L
frequency is better estimated by EN method compared This RC test uses equal strain method by feedback of

. ) - . its RMS value.
N.RC me‘ho‘?' beca}use this one I sensitive at loainsto The first results are encouraging and to facilitéte
slight variations in phase difference and the tssul

become hiahly unreliable testing we developed a dynamic straight-line motion
gnly ' simulator illustrated as follows.

4
35 4 ©
© RC Method o Xl.  THE DYNAMIC SIMULATOR
X 37 + NR Method ) o » o
P - o For the execution of tests in simplified conditionisile
® being able to simulate variations of damping, B&ffs
2 and further the inclusion of non-linearity (cubiiffeess,
g variable damping) we have developed a dynamic
8 simulator with an equivalent axial mechanical SDOF
system.
With such a system, it is possible to test iderdiiion
0.001 0.01 0.1 algorithms and to change easily the excitation kkao
Fig. 10 Evaluation of damping ratio with different the use of a programming environment for the sitrara
methods [20] of complex dynamic systems (Matlab/Simulink®).

The dynamic simulator uses a pair of accelerometers
The measured changes in the shear modulus is vesymilar to the one used on the column and the &son
similar from RCS or RCC, NRC, and FN methods whilesystem includes a mass, a spring and a damper. The
damping ratio is better estimated by FN as by NRC &spring and the damper can be easily modified toduice
large strains. controlled non-linearities (softening stiffness asadiable
damping).
For example, the non-linear stiffness may be sitadla
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with a magnet fixed in a position that exerts a syetric
attracting force when defined amplitudes of dispiaent

interaction is exploited to cancel partially thespiwve

frequency.

The test algorithm implemented, using chirp andenois

dynamic properties of soils in resonant columnirigst

Regarding non-conventional methods, we can conclude
are reached. The negative stiffness due to the etiagn that:
- RCC tests are an excellent alternative to perfRi@n
stiffness of the spring resulting in a reduced ratu tests. They can substitute RCS tests that genesadly
more time consuming and induce more loading cycles.

- RCN test allows to obtain dynamic properties etyv

excitation (RTX), identifies the dynamic system ttha small strain (<10-6) but is recommended just fomkm

transforms the input stress measured by one of

thetrain testing.

accelerometers into the output stress measurechdy t - NRC (hon-resonance) method gives a wider point of
second accelerometer, thus viewing the system asvéiew about the general
“transfer function” (or equivalently in a mecharica properties of the soil as a function of the numbér

impedance or transmissibility).

Fig. 11 The dynamic simulator in use

Thinking in terms of cause and effect, or input-omtp
we can identify the properties of the soil using #ize
and type of solicitation of input to highlight itson-
linearity as described into the present work.

The identification procedure was carried out using

Matlab/Simulink® script models. The function used f
the first identifications is the PROCEST of the t8ys

Identification Toolbox, which estimates the modging a

minimization algorithm of the prediction error [17]

Xll.  CONCLUSIONS

resonant method.

The force function generated by a sinusoidal sweep New RC systems,

excitation induces different shear strain leveldifierent
function differs from the theoretical transfer ftina for
an equivalent SDOF system.

increase in shear strain levels.

The dynamic analysis of the soil in the laboratoithw

techniques and data processing, giving greateibflay,
increased confidence in the quality of the resaitd the

cycles.

behavior of the dynamic

- FN method is a good starting point to perform enor

sophisticated test of the non

-linearity of the .soil

The following table shows all the alternative method
considered and the relative limitations accordiogthe

literature [7].

M ethod

Limitation

RCS - controlled soura
(standard)

e Too many cycle (soil
disturbance)

RCC-sine sweep (chirg

) Some time consumin

RCN - random noise

Only harmonic
excitation

NRC - non-resonant

Det. of G and D a

resonant frequency

FN - sine and random
noise

Shear strain > than %

ppm - Time consuming

D

RCX - chirp and
random noise

To be defined

Moreover, the use of a dynamic simulator allows a
quick testing of new analysis software applications

This paper presented a series of methods basedeon thevoted to RC testing systems giving greater ceniié
RC ranging from the conventional method to the nonin the quality of the work done to face this chadjag

test.

excitation signals and subsequent elaboration tqubs,
frequencies and the shape of the measured transfeill ensure greater investigation capacity on tb# &
frequency and at smaller strain levels.

To conclude this paper, even if one cannot forékee

The difference between the measured and assumaedrival of a paradigm for RC test, it can be presticthat
transfer functions becomes more apparent with tha “universal” technique capable of addressing tiueys
of every possible type of soil will not be develdpe

Therefore, it is likely that the soil model identgtion
the RC system can benefit from the new testingvill retain its “toolbox of method” philosophy, witnew
and more powerful techniques.

ability to perform parametric studies on the dyrami
behavior of soils. The combined RCX method has agoo
potential for the evaluation of frequency effect on
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