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Abstract: The damping ratio values of three different Danube sands were measured in the Resonant
Column-Torsional Simple Shear device (RC-TOSS). The distinctive configuration of the RC-TOSS
device employed in this investigation enabled the performance of both tests using a single sample.
This research estimates and compares the damping ratio values measured with three distinct methods
(two of which are in the RC test): The Free Vibration Decay (FVD), the Steady-State Vibration (SSV)
methods, and the method of calculating the damping ratio from the hysteretic loops generated in the
TOSS test. Both dense and loose samples were tested up to a peak-to-peak amplitude shear strain of
1%. The device provides measurements over a wide range of shear strain amplitudes. The results
support the employment of the SSV methods at low strains (below 0.005%), while the FVD method
gives a better estimate at higher strains (above 0.03%). The two methods and the TOSS results are
in agreement with each other between 0.005% and 0.03%. The effect of the number of cycles on the
damping ratio was investigated where a significant decrease was observed in the damping ratio with
an increasing number of cycles. A parameter is introduced to describe the rate of this decrease, which
should be considered during the structural design to reduce maintenance and life-cycle costs and
enhance sustainability.

Keywords: resonant column test; torsional simple shear test; damping ratio; steady-state vibration;
free vibration decay

1. Introduction

When waves propagate through soil during cyclic loading, complex mechanisms
contribute to the loss of energy in the material. Fluid flow loss and inelastic friction loss are
mainly responsible for energy dissipation in soil [1]. The dominant mechanism depends
on the strain level and nonlinear behavior of soil. The damping ratio describes energy
dissipation in a system. This parameter plays an important role when modeling dynamic
geotechnical and structural problems (e.g., soil response analysis and soil-structure interac-
tion problems). Thus, a substantial effort has been made in the last few decades to introduce
experimental dynamic laboratory procedures and in situ methods to study the damping
behavior of soils for a wide range of shear strain amplitudes. Resonant Column (RC) and
Torsional Simple Shear (TOSS) tests have been developed and improved to measure the
damping ratio with reasonable accuracy. The effects of various soil parameters on damping
have been further investigated over the years. The most impactful factors are the void ratio,
confining pressure, particle shape, and number of loading cycles [2—4].

Damping in materials may take several forms. In soils, geotechnical engineers are
mostly concerned with hysteretic and viscous damping, which are proportional to dis-
placement and velocity, respectively. While vibration frequency affects viscous damping,
it seems to have no impact on the hysteretic damping. These two forms of damping are
results of distinct mechanisms.

Soils have a tendency to dissipate energy even when subjected to low levels of strain [5].
Soils loaded cyclically below the linear strain threshold () exhibit an elastic behavior.
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Hysteresis loops do not generate at strain amplitudes lower than that threshold. According
to Kokusho [6], damping is a consequence of the fluids present in the voids, suggesting that
the loss of fluid (viscous damping) is the main mechanism behind the soil’s damping at
small strain levels (below 7). Conversely, beyond 1y, the shear stress—strain curves start
to form hysteresis loops when soil is cyclically loaded. This is attributed to the nonlinear
behavior of soil at higher strains. A rise in hysteretic damping is observed as the strain
amplitude increases, and most of the energy dissipation is a result of inelastic friction. Thus,
viscous damping is marginal, and the nature of damping is hysteretic [7,8].

Resonant column testing typically involves two distinct methods for measuring the
damping of materials: The Steady-State Vibration (SSV) and the Free Vibration Decay
(FVD) [9,10]. Several studies compared these two methods and provided suggestions
on their scopes and limitations [11-13]. However, the unique design of the RC-TOSS
device used in this study allows for conducting both tests on the same sample. This
feature provided an accurate comparison between the three methods of measuring the
damping ratio. These three methods are the SSV, FVD, and the method of calculating
the damping ratio from the hysteretic loops generated in the TOSS test. This eliminates
any potential effect of sample preparation on the results, which facilitates a more precise
comparison. Since the damping ratio of soil influences the dynamic response of structures,
a better understanding and more accurate estimation of the damping ratio can lead to
a reduction in the structural demands and potentially increase the safety and resilience of
the design. This can contribute to the long-term sustainability of the structure by preventing
or minimizing damage.

2. Testing Device, Materials, and Methods

Hollow, cylindrical soil samples were tested using a combined Resonant Column-
Torsional Simple Shear device (RC-TOSS). The samples have an outer diameter of 6 cm,
an inner diameter of 4 cm, and a height of 14 cm. A drive head applies torsional loading on
the top of the sample (the free end), while the bottom of the specimen is fixed, as shown
in Figure 1. The drive system consists of a set of two magnets inserted inside four coils.
Two proximitors are fixed on the measurement post to measure the gap between the sen-
sors and targets attached to the specimen. The difference between the two gaps gives the
rotation from which the shear strain is found at each loading step. Torque is calculated
from the known current passing through the coils during the test. The RC test requires
displacement measurements with very high accuracy at very low amplitude (y = 107%%).
An accelerometer mounted on the drive head provides such accurate measurements. A mul-
timeter and an oscilloscope read and record the response curve, resonance frequency, and
decaying response of the sample. The device is capable of conducting RC and TOSS tests
on the same sample. A detailed description of the device and the methods of calibration
are present in [3,14].

Three different types of Danube sands were selected for testing. Samples A and B
retained a very low percentage of fines, while the fine content for sample C was 21.11%.
The soil comprised fluvial sediments of the Danube River, extracted from a location near
the channel of the river. The particles were sub-angular to rounded. The properties of the
samples are shown in Table 1.

A vacuum applied a confining pressure of 97 KPa on the tested samples. The prepa-
ration of dense specimens was performed via the pluviation method. The soil was
poured slowly from a height of 50 cm to achieve the thinnest thread of soil possible.
On the other hand, to prepare samples in a loose state, the dry filling with tamping method
was applied. Dry soil was poured through a glass funnel with a 14 cm spout into the mold.
Pouring started with the spout touching the base ring, and then the spout was constantly
and carefully raised and moved around to touch the surface of the soil. The testing plan
appears in Table 2.
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Figure 1. Cross-section of the RC-TOSS testing device.

Table 1. Tested soil properties.

Me.a n Effec.tlve Uniformity  Fines Max Void Min Void Ll.qu}d Pl.a St.l ¢ Plastic
Particle Particle Coefficient Content Ratio Ratio Limit Limit Index for
Sample Diameter Diameter for Fines for Fines Fines
1D
dso dyo Cy FC €max €min w1 Wp Ip
[mm] [mm] [-] [%] [-] [-] [%] [%] [%]
A 0.211 0.109 2.06 7.56 0.81 0.52 - - -
B 0.243 0.130 2.18 5.69 0.79 0.516 - - -
C 0.107 0.013 9.85 21.11 0.9 0.524 30.4 19.7 10.7
Table 2. Testing program.
v e Mo
Test # Sample ID Y
e Dr Gmax
[-] [-] [KPa]
1 A 0.77 0.14 84,500
2 A 0.57 0.83 115,000
3 B 0.73 0.22 79,700
4 B 0.58 0.77 101,500
5 C 0.85 0.13 69,300
6 C 0.63 0.72 88,000
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2.1. Damping in the Torsional Simple Shear Device

Around load reversal points throughout cyclic torsional loading, the soil recovers
its stiffness due to the reengagement and interlocking of the previously slipped contacts
between particles in the opposite direction. The shear stress—strain path forms a hysteresis
loop as demonstrated in Figure 2a. The gradient of the straight line that joins the endpoints
of the hysteresis loop indicates the typical level of shear stiffness exhibited by the soil,
which is also referred to as the secant shear modulus (Gsec). Although soil damping is
recognized to be hysteretic in nature, it is commonly substituted with equivalent viscous
damping in most analyses for the sake of mathematical convenience. “The equivalent
viscous damping is determined in such a manner as to yield the same dissipation of energy
per cycle as that produced by the actual damping mechanism” [15]. The damping ratio
(D) represents the ratio of the energy absorbed in one cycle of vibration to the potential
energy at maximum displacement in that cycle [16]. The following equation calculates the
equivalent damping ratio D:

Ar
47T % AT

where Ay is the area of the loop (shadowed in Figure 2a) and Ay is the area of the triangle
bounded by a straight line defining the secant modulus at the point of maximum strain
(Figure 2a).
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(a) Dynamic properties from hysteretic loops (b) Integration element for half a loop

Figure 2. Hysteretic loops due to cyclic loading in TOSS test.

Subroutines in Visual Basic for Applications (VBA) in Excel were created to calculate
the area between the loop and line that connects its two ends. The subroutine divides this
area into very small slices that can be considered trapezoids (Figure 2b). The sum of the
areas multiplied by two denotes A in Equation (1).

The proximitors incorporated in the TOSS test have low accuracy compared to the
accelerometer measurements in the RC test. Therefore, TOSS tests in this study allow for
damping ratio measurements at strain amplitudes above 0.02%.

2.2. Damping in the Resonant Column Device
2.2.1. The Free Vibration Decay Method (FVD)

The resonant column test starts by applying a torsional oscillation on the top of the
specimen with an increasing amplitude sine wave. For each tested strain amplitude, the
frequency progressively increases to obtain the dynamic response of the specimen. The
frequency that corresponds to the maximum response amplitude is the resonance frequency
of the sample. The dynamic shear modulus is a function of the fundamental frequency
based on wave propagation and elasticity theories. Once the operator finds the resonance
frequency, they cut the power and track the decaying response on a storage oscilloscope.
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A multimeter records the decaying curve on an Excel sheet where damping is determined
from the logarithmic decrement equation [5]:

1. 7 27D

:—ln =
N Zin V1-D2

where ¢ is the logarithmic decrement, N is the number of cycles, Z; is the first amplitude,
Z1.n is the amplitude after N cycles (Figure 3a), and D is the damping ratio.
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Figure 3. Damping in Resonant Column test.

For small values of the damping ratio, as found in soil, v'1 — D? =2 1, the damping

expression becomes:
s 1 Zq

- E - 2N nZHN

Ray [14] suggests using a small number of cycles (N) when driving at high amplitude.
A larger N would cause a reduction in strain amplitude by a factor of about 3 over the
measurement interval. ASTM D4015 [17] recommends the use of less than 10 cycles. Mog
and Anbazhagan [13] conducted resonant column tests using the GCTS device to investigate
the effect of the number of successive cycles (N) used in measuring the damping ratio. They
observed an increase in the damping ratio when increasing the number of cycles up to
10 cycles. Nonetheless, beyond 10 cycles, the damping ratio starts to decrease for a higher
number of cycles in the measurements (i.e., for 20, 30, and 50 cycles). Damping ratio
measurements determined by this method scatter significantly. Therefore, 2 or 3 successive
cycles in the decay response curve should determine the damping ratio in the RC test.

®)

2.2.2. The Steady-State Vibration Method (SSV)

Initially, the SSV method (also termed the half-power bandwidth method) was created
to calculate the modal damping ratio (&) of a structure by measuring the width of peaks in
its frequency response function. However, it could be used to measure the damping ratio of
soil during the RC test. In this technique, the width of the frequency-response curve near the
resonance determines the logarithmic decrement (5). The half-power bandwidth (Aw) is the
width of the peak where the magnitude of the frequency corresponds to 1/+v/2 * Pyqay [18].
Equation (4) determines § (GCTS-CATS, 2007):

LmBeA, [P Vi

4
2fr2 Prznax_Pz 1-D? ()

where f1 and f; are frequencies below and above the resonance where the strain amplitude
is P, Pyuy is the maximum amplitude (or resonant amplitude), and f is the resonant
frequency (Figure 3b).
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Since the damping in soils is small and the amplitude P is P4y / V2, Equation (4) becomes:

5 o n(f2_f1) (5)
fr
Then, the damping ratio can be expressed as:
(fa—f1)
D= (6)
2f,

According to Mog and Anbazhagan [13], at strain levels below 0.005%, there can be
a variation of up to 15% in the damping ratio when measured using the SSV method and
FVD method with two consecutive cycles. However, the variation can be even greater (up to
50%) when a higher number of successive cycles (3, 7, and 10 cycles) are used. These results
agree with Senetakis et al. [11] where a scatter of 15% was also reported. The ambient noise
and the number of applied cycles during the RC test justify this scatter. A much higher
number of cycles is needed in the SSV method to plot the frequency-response curve [19].

3. Results and Discussions

Every test starts with very small strain RC measurements to obtain the maximum
shear modulus (Gygy) and minimum damping ratio (D). The RC tests continue with as-
cending strain amplitudes up to the volumetric-threshold shearing strain (7y+,), which
is around 0.01% for sand. Below 74, the behavior is nonlinear but still elastic and
there is no effect of the cyclic loading on the dynamic behavior of soil [3,20,21]. Next,
cyclic TOSS tests load the sample for two cycles at progressively higher stress levels
(5-10-15-20-25-30-35-40-45-50 KPa). RC tests are continued after reaching the maximum
shear strain that can be measured using the proximitors (just below 1% peak-to-peak
strain). The six RC tests provided a total of 115 damping measurements. This allowed for
comparison with 54 data points from the TOSS test.

Typical response curves for the SSV method appear in Figure 4 for ascending strain
levels. At higher strain amplitudes (above 0.1%), dynamic instability prevented precise
response data from being recorded by the multimeter. For the FVD method, however,
very small strain levels inhibited accurate damping measurements, and relatively accurate
decay-response curves required several attempts. During the disconnection from drive
coils, an electric pulse often produces a strong transient. This pulse creates noise that
distorts the readings of the most critical first few cycles, since damping is calculated from
the first three cycles before strain levels decrease substantially. This noise did not affect
the response at strain amplitudes higher than 0.005%, and the peaks could be spotted
easily for the first few cycles. Figure 5 compares the damping ratio measurements of the
three methods.
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Figure 4. Response curves in the RC test for Sample C.
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Figure 5. Damping results of the six tests with the three methods.

The SSV method generally provides higher damping values than the FVD method,
especially at higher strain levels. At the same time, there is a closer agreement between
the two methods at medium strain amplitudes (0.005-0.03%). At higher strain amplitudes,
the frequency-response curve becomes asymmetric, compromising the accuracy of the
damping ratio calculations in the SSV method and causing an overestimation of their
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values. Such behavior also occurs when comparing with the TOSS tests, as damping values
obtained from the TOSS tests agree more with the FVD method in the RC test at the strain
levels where the SSV method is questionable.

Due to the nature of the TOSS test measurements and insufficient accuracy of the
proximitors at very small strain amplitudes, comparisons between the RC and TOSS tests
become difficult at strain levels below 0.02%. However, the two tests are in agreement and
their combined response can generate damping-ratio curves for a wide range of strains.

Multiple effects and uncertainties cause the scatter seen in the damping measurements.
The sources of variability include the decreasing strain amplitude with time (FVD), response
curve asymmetry (SSV), and the number of cycles and stiffening behavior in the TOSS
test. Such effects cause difficulties when comparing the damping ratio obtained from
different methods. As a result, they produce a scatter that may exceed 40% in the data
when comparing the SSV and FVD methods, as seen in Figure 6.

16 T
E i - ¢  Test#l
14 o V) | P
F /A ’// Test #2
12 o /(;(. ..,/. X Test#3
10 £ ‘o
- C 7/ e’ X Test #4
é 3 L /Y %/
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%. 6 f );, > m Test #6
g b K %’g/ 0
2 41 XV
a N 7 — — 40%
0 5 10 15
Damping-FVD (%)

Figure 6. Comparison of damping between SSV and FVD for all samples.

The best fit for all the damping ratio data points from the six tests using the three meth-
ods appears in Figure 7, along with a comparison with two earlier studies [22,23] on
dry sand.
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Figure 7. A fit of damping data points for each method.
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3.1. Damping Ratio Correlation

To estimate the damping ratio with correlations, it is common practice to relate it with
the normalized shear modulus using a second-degree polynomial of (G/Guax) [11,24,25].

The modified hyperbolic model based on the Hardin-Drnevich model provides an ex-
cellent presentation of the modulus-reduction curve. This model employs two curve-

fitting parameters:

G 1
Gmax:1+<%)u (7)

The reference shear strain -, in this model is defined as the strain amplitude when
the shear modulus reduces to one-half of Gy [23]. The fit for all the samples is shown in
Figure 8a for 7, = 0.1 and a = 0.974.
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Figure 8. Shear modulus and damping ratio correlations fit with test data.

After finding the correlation for the shear-modulus-degradation curve, the following
equation models the damping ratio increase with increasing strain amplitude:

G \? G
D_C1<Gmax) +CZ<Gmax>+C3 (8)

where Cq, Cy, and Cj are curve-fitting constants. The constants are found using the least
square method, by minimizing the summation of the squared errors between the equation
and the lab measurements. For the damping ratio measurement in this study for all tested
samples, the equation becomes:

D:8.5< ¢ )2—40< ¢ >+33 )

Gmax Gmax

Figure 8b demonstrates how the equation fits the RC-TOSS damping measurements.

3.2. Effect of Torsional Cyclic Loading on Damping

After exceeding the volumetric-shear-strain threshold (), the cyclic loading causes
an increase in soil stiffness [26-28]. Figure 9 of the shear-stress—strain curves for 100 cycles
shows how the hysteresis cycles decrease in size. Therefore, the damping ratio decreases
with the increasing number of cycles. Several authors have detected this effect [6,29,30].
However, most studies have focused on the effect of low-strain cyclic vibration with a high
number of cycles on the dynamic properties of soil. No agreement has been found regarding
the effect of high-strain-amplitude cyclic loading. Thus, in this study, cyclic TOSS tests were
conducted with increasing stress levels ranging between 10 KPa to 60 KPa with a maximum
peak-to-peak strain amplitude of 1%. Each test applies 100 cycles where the damping ratio
is calculated for all cycles.
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Figure 9. The stiffening behavior of the sample during cyclic torsional loading.

The decrease in the damping ratio with the increasing number of cycles (N) at different
stress levels is shown in Figure 10 for sample C at two different states; (a) is a loose sample
and (b) is a dense sample. It is difficult to estimate the rate of change for each stress level
due to the sequence of the TOSS test and cyclic loading that the sample has experienced
at lower stress levels. However, the higher the stress level, the higher the effect of (N) on
damping up to a specific limit. Beyond this, the stress level seems to have a minor influence
on the rate of decrease in the damping ratio. Specimens with a higher void ratio or lower
relative density exhibit a more significant reduction in damping ratio. For instance, at stress
levels of 20 KPa and 30 KPa, the damping ratio decreased by 50% and 54% after 100 cycles
for a dense sample, while a loose sample decreased by 61% and 64% (Figure 11). Dy is the
damping ratio calculated from a cyclic TOSS test at the N cycle, and D; is the damping
ratio of the first cycle (maximum damping ratio at that stress level). Results show that
log(Dn/D1) is linearly proportional to log(N), and the slope of log(Dn/D1) — log(N) plot
represents a parameter (r) that describes the rate of decrease in damping ratio with the
number of cycles.
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(a) Dense sample C (b) Loose sample C

Figure 10. The decrease in damping with increasing number of cycles in TOSS test.
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Figure 11. The rate of decrease in damping during cyclic loading for Sample C.

The values of the parameter (r) also vary in a manner similar to damping ratio mea-
surements, and it is difficult to find a pattern in the change in (r) with the increasing strain
amplitude. Generally, (7) takes values between (—0.15 and —0.24) for strain amplitudes
above 0.1%.

4. Conclusions

Several methods are in use nowadays to measure the damping ratio in practical ap-
plications. The scatter in the measurements is typically present in the literature due to
uncertainties in the strain amplitudes, frequency-response curve symmetry, and the effect
of the number of cycles. Luckily, the impact of this scatter is marginal in dynamic problems,
such as site response analysis. Previous studies have not provided the opportunity to com-
pare the measurement methods for damping ratios in both RC and TOSS tests. However,
this study benefits from the exceptional design of the device, which enables the execution of
both tests on a single sample. This allows for a direct comparison of the results without the
interference of external factors, disturbances, or sample preparation. Steady-State Vibration
(SSV), Free Vibration Decay (FVD), and damping in the Torsional Simple Shear device have
been investigated and compared for three types of Danube sands with different relative
densities. Based on the results, it is recommended to use the SSV method at very low strain
amplitudes (below 0.005%) where the response curve is symmetrical. For this strain range,
the FVD measurements are unreliable due to the noise created by the device when turning
off the drive power. At medium strain levels (0.005%-0.03%), the two methods and the
TOSS results agree with each other. However, at higher strain amplitudes (above 0.03%), it
is advised to employ the FVD method to measure the damping ratio, due to the reduced
accuracy of the SSV method. The SSV-response curves are not symmetrical anymore, which
compromises the use of the half-bandwidth method, causing an overestimation in the
damping ratio values. Achieving a more precise estimation of the damping ratio of soil
leads to improving the performance and safety of structures under dynamic loads, which
can contribute to the longevity of the design, reducing the overall environmental footprint
associated with maintenance.

The effect of the shear stiffening behavior during cyclic loading in the TOSS test was
investigated. After exceeding the volumetric shear strain threshold, a considerable decrease
in the damping ratio was observed. This trend is more evident in loose samples where
damping can decrease by up to 64% after 100 cycles compared to a 54% decrease in dense
samples for the same stress level of the applied cycles. Considering this decrease during
the design phase can improve the analysis of the dynamic response of structures to reach
a more resilient design of the infrastructure when subjected to dynamic loading, this can
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reduce the need for repairs or reconstruction after seismic events, thereby minimizing
resource consumption and waste generation, contributing to long-term sustainability.
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