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Abstract

Bentonites are going to be part of the Engineered Barrier System (EBS) in deep geological disposal facilities for the safe disposal of
spent nuclear fuel. Some of these repositories might be constructed in tectonically active locations, and some other repository locations
might have seismic risks in future related to climate changes (e.g. glaciations).

The damping ratio is one of the parameters considered in dynamic analysis, and it can be measured by different methods. In this work,
the damping ratio was measured in two different bentonites with the resonant column device and in one of these bentonites, it was also
measured with the hollow cylinder, simple shear and triaxial tests in unloading–reloading paths. The results are presented in Pintado
et al. (2019; 2023). The tests were carried out at different laboratories.

The samples were compacted at different dry densities and degrees of saturation and tested with different confinement pressures and
strain levels to study the influence of the shear strain, degree of saturation, dry density and confinement pressure and also the influence of
the test method. The two studied bentonites had different plasticity indices which was also considered in the analysis.

The results showed a clear dependence of the damping ratio on the confinement pressure and the shear strain but not as clear on the
degree of saturation, the dry density and the plasticity index. The damping ratio measured by the hollow cylinder test followed the ten-
dency of the resonant column results. The triaxial test presented larger values of damping ratios than following the tendency of the hol-
low cylinder and resonant column tests. The simple shear test did not follow the tendency of the other tests, presenting lower damping
ratio values. All tests presented large scatter.
� 2024 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Deep geological disposal is one of the options for the
long-term storage of the spent nuclear fuel generated in
nuclear power plants in many countries. Some of these
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countries are located on active plate margins like Japan
(Apted et al. 2004; NUMO, 2017) and Taiwan (Peng,
2013; Hung et al. 2020) or have considered to construct
the repository near active plate margins, like the United
States in Yucca Mountain (Stepp et al. 2001). In such
places, the dynamic loads due to earthquakes should be
considered when the bentonite is still in unsaturated condi-
tions. Other countries far from active plates, like Finland
and Sweden, might have large earthquakes at the time of
ice-sheet retreat during future glacial periods (Saari, 2012;
Posiva, 2013, Winberry et al. 2020; Lei and Loew, 2021),
meaning that the dynamic analysis should not be totally
excluded in these places either; in this setting, this analysis
is related to long term performance and should be carried
out in saturated conditions. Further, during the construc-
tion phase of the deep geological repository deposition tun-
nels and deposition holes, microseismicity from
construction (Kaisko and Malm, 2019; Kuusisto et al.
2023) might also affect the engineered barriers already con-
structed that are still in unsaturated conditions.

Part of the engineered barrier system in deep geological
disposals in Sweden and Finland will be constructed with
bentonites (SKB, 2010; Posiva, 2013). Bentonites are clays
with high smectite content and other clay minerals as well
as non-clay minerals Bentonite clays have high plasticity,
low hydraulic conductivity and high swelling capacity.
Studies in sodium bentonites or mixtures of sodium ben-
tonite with other components like sand or cement have
been carried out for measuring the damping ratio with dif-
ferent methods and under different conditions (Nakamura
et al. 2009; Yang and Woods, 2015; Yang et al. 2020). Sim-
ilar studies have also been performed in calcium bentonites
(Balagosa et al. 2020). In particular, Tsai et al. (2019) have
been performed tests in Wyoming-type bentonite measur-
ing the damping ratio. Yang and Woods (2015), Tsai
et al. (2019) and Balagosa et al. (2020) carried out resonant
column tests. Nakamura et al. (2009) hollow torsional (hol-
low cylinder) tests and Yang et al. (2020), cyclic triaxial
tests. Yang and Woods (2015) performed also ultrasounds
and tests with bender elements. However, so far only a lim-
ited amount of information concerning the effects of satu-
ration and density on the value of the damping ratio in
bentonites can be found. This article presents the measured
damping ratio in two bentonites; the first one is sodium
bentonite (Wyoming-type bentonite), where the damping
ratio was measured with the resonant column, hollow
cylinder and triaxial test set-ups and the second one is cal-
cium bentonite (FEBEX bentonite), where the damping
ratio was only measured with the resonant column device.
The work emphasizes on the dependency of the damping
ratio on the shear strain, degree of saturation, dry density
and confinement pressure. The possible dependency on the
plastic index was also assessed.

The tests were carried out in unsaturated conditions
under constant water content conditions (Bishop and
Donald, 1961).
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The resonant column tests were performed at the Tech-
nical University of Catalonia (UPC) and at the University
of Southampton (Soton). These tests are presented in
Pintado et al. (2019). Some unsaturated triaxial tests and
the hollow cylinder tests were also carried out at the
UPC. Finally, some unsaturated triaxial tests and the sim-
ple shear tests were performed at the École Polytechnique
Fédérale de Lausanne (EPFL). These tests are presented
in Pintado et al. (2023).
2. Materials and methods

2.1. Materials

Wyoming-type bentonites are sold under different com-
mercial names (among which, MX-80) characterized by its
high content of smectite (88 %), and a cation exchange
capacity (CEC) around 0.86 eq/kg, from which most of
the sites are occupied by sodium. The liquid limit is around
500 %, the plasticity index around 450 % and the specific
surface area is 624 m2/g. The density of solid particles con-
sidered is 2780 kg/m3. More information about this mate-
rial can be found in Karnland et al. (2006), Tang and Cui
(2010), and Kiviranta et al. (2018).

FEBEX bentonite is also characterized for its high con-
tent of smectite, larger than 90 %, cation exchange capacity
between 0.96 and 1.02 eq/kg, from which most of the sites
are occupied by calcium. The limit liquid is around 102 %,
the plasticity index around 53 %, and the specific surface
area is 725 m2/g. The considered density of solid particles
is 2720 kg/m3. Information about this material can be
found in Villar and Lloret (2001, 2008) and Castellanos
et al. (2008).
2.2. Methods

2.2.1. Sample preparation

Tests were performed in unsaturated conditions. The
preparation of the samples in resonant column tests was
carried out mixing powdered bentonite with deionized
(DI) water (for Wyoming-type bentonite) or distilled water
(for FEBEX bentonite), and in hollow cylinder tests, unsat-
urated triaxial tests and simple shear tests, mixing with dif-
ferent type of mixers, depending on the amount of soil to
be prepared, or manually, powdered bentonite with saline
water (10 g/L mixture of NaCl and CaCl2 with Ca2+/
Na+ mass ratio being 1:2) till reaching the target water con-
tent. After that, the water content was measured following
the procedure indicated in ASTM D2216-19 (2019). Sam-
ples were statically compacted in oedometric conditions
to dry densities between 1430 and 1750 kg/m3 in resonant
column tests, to around 1630 kg/m3 in triaxial tests, to
around 1390 kg/m3 in hollow cylinder tests and to around
1535 kg/m3 in simple shear tests. The target degrees of sat-



X. Pintado et al. Soils and Foundations 64 (2024) 101522
uration ranged between 10 % and 95 % in resonant column
tests; 85 %, 90 % and 95 % in unsaturated triaxial tests and
hollow cylinder tests and 64–74 % in simple shear tests.

Saline water was used in some tests because it is the
composition of the groundwater in Olkiluoto
(Ruotsalainen et al., 2000), the location where the Finnish
spent nuclear fuel repository is in construction. The test
set-ups were made of stainless steel or coated steel. Due
to there was no water flow through the test -systems, the
formation of rust was not considered to be an issue.

The difference in samples’ dry density for the different
type of tests was due to the compaction process, which in
hollow cylinder and simple shear tests did not allow to
reach higher preferred dry densities. The samples were
compacted in steel moulds with pistons in both sides of
the sample in order to have as much as possible uniform
dry density distribution and to minimize the effect of fric-
tion between the mould and the soil during the compaction
process. Table 1 and Table 2 show the properties of the
samples for the resonant column tests, Table 3 summarizes
the characteristics of the triaxial tests samples.

Table 4 shows the initial properties of the samples tested
in hollow cylinder device and Table 5 the initial properties
of the samples tested in simple shear apparatus. The tables
also show the confinement pressure (axial stress in simple
shear tests) applied during the tests.

The time evolutions of the vertical strain in resonant col-
umn tests were measured in all samples to control the time
needed to reach the end of the consolidation period after
the isotropic stress increments. The time required for the
samples to consolidate varied (between 3 and 200 h) due
to differences in their degree of saturation and the dry den-
sity. The evolution of volumetric strains over time resulting
from isotropic stress increment in hollow cylinder and tri-
axial tests was monitored to assess equalization. Simple
shear tests started after the stabilization of the axial strain
after applying the axial stress.
Table 1
Initial properties of the resonant column test samples in FEBEX bentonite afte
100-200-400-800 kPa in all cases. Low degrees of saturation are expected clos

Test Height (mm) Diameter (mm) Void ratio

(�)

Dry

FX1 76.0 38.0 0.63 1670
FX2 78.3 38.2 0.72 1580
FX4 79.9 38.4 0.77 1540
FX5 79.4 38.4 0.74 1560
FX6 78.5 38.3 0.68 1620
FX7 79.2 38.1 0.64 1660
FX8 79.4 38.5 0.65 1650
FX9 79.5 38.4 0.57 1730
FX10 78.5 38.4 0.64 1660
FX11 79.5 38.4 0.58 1720
FX12 78.5 38.3 0.66 1640
FX13 78.0 38.1 0.56 1740
FX14 79.0 38.4 0.62 1680
FX15 80.2 38.6 0.68 1620
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2.2.2. Resonant column tests (RC)

The damping ratio of bentonite samples was determined
using a Stokoe-type resonant column under torsional mode
of vibration (Anderson and Stokoe, 1978). This device can
measure the shear modulus (G) and the logarithmic decre-
ment (d) following the procedure outlined in ASTM
D4015-15e1 (2015) as a function of the shear strain c. Shear
modulus measurements have been presented in Pintado
et al. (2019), where it is also described the calculation of
the shear strains. The isotropic confining stress (p) varied
from 100 to 800 kPa for tests on FEBEX bentonite. For
Wyoming-type bentonite, isotropic stresses ranged from
p = 100 to 800 kPa in the tests performed at the UPC
and from p = 400 to 10 000 kPa in the tests done at the
Soton.

The damping can be considered as a measurement of the
energy dissipation in a dynamic system. In free vibrations,
it is associated to the reduction of the amplitude with the
time and in forced vibrations, with the reduction of the
amplitude that the system would have without damping.
Usually, the damped harmonic oscillator can be simulated
with a viscous damper, which produces a force in a direc-
tion to oppose the motion. This force depends on the veloc-
ity of the system. The equilibrium equation of a damped
harmonic oscillator is:

m
d2u
dt2

þ c
du
dt

þ ku ¼ Q0sin xt þ u0ð Þ ð1Þ

where m is the mass of the system, c is the damping coeffi-
cient, k the stiffness, Q0 is the force, x is the frequency, u0

the phase of the force, u the displacements and t the time.
The damping coefficient is often related to the critical
damping:

cc ¼ 2
ffiffiffiffiffiffi
km

p
ð2Þ

The critical damping determines the behaviour of the
damped harmonic oscillator: if c < cc, the oscillator is
r compaction. Tests carried out at the UPC. The confinement pressure was
e to canister at the early stages (Toprak et al. 2020).

density (kg/m3) Water content (%) Degree of Saturation (%)

14.8 62
14.7 54
3.4 12
2.8 10
24.6 95
21.3 87
4.7 19
9.7 45
3.7 15
10.4 47
23.6 95
10.6 49
3.7 16
12.7 50



Table 2
Initial properties of resonant column test samples in Wyoming-type bentonite after compaction. The confinement pressures were 100-200-400-800 kPa at
the UPC tests and 400-800-2000-5000-10000 kPa at the Soton tests.

Place Test Height (mm) Diameter (mm) Void ratio

(�)

Dry density (kg/m3) Water content (%) Degree of Saturation (%)

UPC P1 79.4 38.3 0.59 1750 10.7 51
P2 72.7 38.0 0.78 1560 19.0 69
P3 85.8 38.0 0.71 1630 19.9 77
P4 74.0 38.0 0.72 1620 17.3 68
P5 86.2 37.8 0.94 1430 26.1 76
P6 75.1 37.7 0.76 1580 24.7 92
P7 78.5 38.1 0.73 1610 15.8 60
P8 78.6 38.1 0.70 1640 18.4 74
P9 78.5 38.1 0.72 1620 22.3 89
P10 78.7 37.8 0.65 1680 21.1 89
P11 80.2 37.8 0.50 1750 26.5 96
S1 78.3 38.0 0.73 1610 17.0 67
S2 78.2 38.0 0.74 1600 15.5 58
S3 78.2 38.0 0.71 1630 21.7 86
S4 78.4 38.0 0.67 1660 15.4 63

Soton HP1 130.0 70.0 0.64 1700 15.3 67
HP2 131.0 70.0 0.62 1720 17.3 78
HP3 136.0 70.0 0.60 1740 23.0 89

Table 3
Initial properties of triaxial test samples after compaction. The confinement pressure was 1600 kPa at the UPC tests and 4000 kPa at the EPFL tests.

Place Test Height

(mm)

Diameter

(mm)

Void

ratio

(�)

Dry density

(kg/m3)

Water

content (%)

Degree of

saturation (%)

Ramp1)

(Pa/s)

Deviator rate (Pa/s)

Axial strain rate2)

(%/min)

UPC TRI 1a 36.06 38.00 0.70 1631 21.5 85 22 300

TRI 2a 36.06 38.00 0.71 1630 22.9 90 22 300

TRI 3a 36.06 38.00 0.70 1633 23.9 95 22 300

EPFL TRI 1b 102.14 50.48 0.74 1596 21.4 85 2500 0.3
TRI 2b 101.61 50.03 0.70 1635 22.7 90 2500 0.3
TRI 3b 101.49 50.00 0.71 1628 24.1 94 2500 0.3

1) Ramp of the confining pressure increment. The confining pressure was fixed till the axial displacements were stabilized.
2) Deviator rates and axial strain rates are provided in italic and in regular font style, respectively.

Table 4
Characteristics of the tests performed in the hollow cylinder apparatus. Tests carried out at the UPC.

Test Void

ratio

(�)

Dry density

(kg/m3)

Water

content (%)

Degree of

saturation (%)

Mean compression stress

(p = 800 kPa)

Maximum shear strains

(chz, �)

K = rr/rz rz (kPa) rr (kPa) rh (kPa) Cycle 1 Cycle 2 Cycle 3

I-85 0.99 1397 30.0 84 1.00 800 800 800 0.002 0.0035 0.007
I-90 1.00 1390 32.0 89 1.00 800 800 800 0.0018 0.0036 0.0073
I-95 1.03 1369 34.0 92 1.00 800 800 800 0.0018 0.0036 0.0073
V-85 1.00 1387 30.0 83 0.50 1200 600 600 0.002 0.004 0.0075
V-90 1.00 1386 31.8 88 0.50 1200 600 600 0.002 0.004 0.008
V-95 1.03 1370 34.0 92 0.69 1020 700 700 0.004 0.008 0.016
H-85 0.99 1397 30.0 84 1.11 745 830 830 0.0018 0.0036 0.0073
H-90 1.01 1381 32.2 88 1.11 745 830 830 0.0018 0.0036 0.0073
H-95 1.00 1390 34.3 95 1.11 745 830 830 0.0018 0.0036 0.0072
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Table 5
Characteristics of the tests performed in the simple shear apparatus. Shear strain rate: 0.3 %/min. Tests carried out at the EPFL.

Test Height (mm) Diameter (mm) Void ratio

(�)

Dry density (kg/m3) Water content (%) Degree of saturation (%) Axial

stress

(kPa)

SS1 20.15 50.0 0.79 1554 21.0 74 800
SS2 21.09 50.0 0.83 1518 19.2 64 1200
SS3 20.25 50.0 0.82 1530 19.6 67 1600
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underdamped and when Q0 is disabled, the amplitude grad-
ually decreases, if c = cc, the oscillator is critically damped
and when Q0 is disabled, the oscillator returns to rest with-
out oscillating. If c > cc the oscillator returns to rest with-
out oscillating as well, and the larger cc, the slower
damping.

The damping ratio is defined as:

D ¼ c
cc

ð3Þ

Damping ratio can be obtained from the logarithmic decre-
ment (d) of the amplitude under free oscillations in the soil
column (free vibration decay method), (ASTM D4015-
15e1, 2015; Senetakis et al. 2015; Madhusudhan and
Kumar, 2013).

d ¼ 2pD
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� D2

p ; d ¼ ln Ai=Aiþnð Þ
n

ð4Þ

where Ai is the amplitude of cycle ‘i’ and Ai+n the amplitude
of cycle ‘i + n’ (Fig. 1). The values of d are evaluated from
accelerometer readings while the soil is freely oscillating.

If D is small,

D � d
2p

ð5Þ
2.2.3. Triaxial tests (TX)

The triaxial tests TRI 1a, TRI 2a and TRI 3a were car-
ried out at the UPC with the device described in Romero
(1999) at constant deviator rate (300 Pa/s) and the rest of
Fig. 1. Decrement of the amplitude (displacement or strain) in damping
ratio measurement.

5

the tests were performed at the École Polytechnique Fédér-
ale de Lausanne (EPFL) in the triaxial test set-up described
in Favero et al. (2017) at constant axial strain rate (0.3 %/
min). The strain rate was lower than 0.3 %/min in all cases
(Table 3). The influence of the strain rate in shearing is dis-
cussed in Börgesson et al. (2010), where it was concluded
that strain rates lower than 60 %/min do not have influence
on the shear strength.

The hysteretic damping ratio in triaxial tests was calcu-
lated from stress-strain relationships with the equation
(Braja and Ramana, 2011):

D ¼ DW
4pW

ð6Þ

where DW is the total surface of a cycle unload – reload
and W is the area of the triangles described in Fig. 2.
Bolton and Wilson (1989) established that, once stationary
loading conditions are reached, the results obtained in dry
sand using the resonant column tests in dynamic and
pseudo-static modes were very similar, presenting only
slight differences; nevertheless, the ASTM D3999 advises
that the damping ratio measured by the resonant column
and by the cyclic triaxial apparatus may be different. The
triaxial tests performed in this work had very small fre-
quencies (less than 0.01 Hz with only one cycle), smaller
than the range 0.1–2 Hz fixed by the ASTM D3999. Tests
were carried out in unsaturated conditions, so the
undrained conditions mentioned in the ASTM D3999
should be considered with caution. Iwaskari et al. (1978)
also presented a study of tests in sands with resonant col-
umn and torsional shear device apparatus with hollow
cylinder samples.

The shear strain used for the analysis was coct
coct ¼

ffiffiffi
3

p
eq

� �
, where eq is the distortional strain

(eq ¼ 2
3
ea � erð Þ; Wood, 1990), ea is the axial strain and er

the radial strain. It was considered that all distortional
strain was czh, equivalent to the shear strain measured in
the other tests. The shear strain considered was the ampli-
tude of the cycles unloading–reloading. Details about the
performed tests can be found in Pintado et al. (2023).
2.2.4. Hollow cylinder tests (HC)

The hollow cylinder equipment allows soil samples to be
tested by controlling 4 of the 6 stress tensor components
(Hight et al. 1983). These four components are rz, rr, rh
and szh. Alternatively, the stress state can be defined by
the value of the three principal stresses and the direction



Fig. 3. Idealized stress conditions in a hollow cylinder test (after Hight et al. 1983).

Fig. 2. Definition of the damping ratio D in triaxial tests (TRI 1b test).
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of the major principal stress relative to the vertical (a), (see
Fig. 3). The four stresses are applied to the hollow sample
through the vertical load (F), the torsional moment (MT)
and the pressures in the external and internal chamber
(Po and Pi, respectively). Strain rate was lower than
0.75 %/min in all tests.

This test has been used for the measurement of the shear
properties of soils (Nishimura et al. 2007; Wrzesinski and
Lechowicz, 2015). Damping ratio in cyclic strain tests can
be calculated as it is shown in Fig. 4 (Lanzo and Vucetic,
1999; Nakamura et al. 2009) using the Eq. (6). All hollow
cylinder tests results are presented in Weber (2019) and in
Pintado et al. (2023).
6

2.2.5. Simple shear tests (SS)

The simple shear test equipment (Bernhardt et al. 2016;
Bjerrum and Landva, 1966) only allows to control the axial
or normal stress (rz or rn) and the shear stress in one direc-
tion (sxz or s), measuring the axial strain (ez) and the shear
strains at the shear direction (cxz or c). The horizontal
stresses rx and ry are not measured, so it is not possible
to know the stress state of the sample. The simple shear
stress is performed in oedometric conditions (ex = ey = 0).
In the same way that in triaxial tests, damping ratio in cyc-
lic strain tests can be calculated as it is shown in Fig. 5
using the Eq. (6). The shear strain considered was the
amplitude of the cycles unloading–reloading.



Fig. 5. Definition of the damping ratio D in simple shear tests (S3 test).

Fig. 4. Definition of the damping ratio D in hollow cylinder tests (H-85 test).
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Note that the shear strain c in this test is the same as the
shear strain calculated in the resonant column test. The
strain rate was 0.3 %/min. More details about these tests
can be found in Pintado et al. (2023).

In triaxial and simple shear tests, the damping ratio was
measured after loading the samples. During this process of
loading, the samples showed elastoplastic behaviour (Fig. 2
and Fig. 5), so the damping was measured in a hardened
material but in elastic regime (unloading–reloading loop).
The hardening process might also happen in tests carried
out in resonant column devices, but the level of strains
7

was smaller and therefore unlikely. Tests performed in hol-
low cylinder might be considered in between.

3. Results

In this section, the results obtained from different tech-
niques in Wyoming-type bentonite are presented and anal-
ysed. In addition, the results of the resonant column tests in
Wyoming-type and FEBEX bentonites are compared in
order to study the plasticity effect on the damping ratio.
The influence of the confinement pressure, degree of satu-



Fig. 6. Damping ratio in FEBEX bentonite. Resonant column tests with p = 800 kPa. (Table 1 indicates the name and characteristics of each test).

Table 6
Summary of the tests carried out on compacted Wyoming-type and FEBEX bentonite samples.

Test type Dry density
(kg/m3)

Degree of
saturation
(%)

Confinement
pressure
(kPa)

Amplitude
shear strain3) (%)

Damping ratio
(%)

Observations

Resonant column (FEBEX) 1540–1740 10–95 100–800 0.0015–0.09 0.89–4.664) �
Resonant column (Wyoming-type) 1430–1750 51–96 100–10000 0.0005–0.013 2.18–5.224) 2 devices
Triaxial (Wyoming-type) 1500 22–60 1600/4000 0.20–1.21 7.1–32 2 devices. Unloading-

reloading cycles
Hollow cylinder (Wyoming-type) 1400 83–95 8001) 0.35–3.2 2.7–33 Unloading-reloading cycles
Simple shear (Wyoming-type) 1520–1550 64–74 800–16002) 2.5–6.2 8.5–10.3 Unloading-reloading cycles

1) Mean compression stress.
2) Axial stress.
3) Range of the shear strain amplitude in damping measurement, c in resonant column and simple shear tests, c oct in triaxial tests and chz in hollow
cylinder tests.
4) Measured at 800 kPa confinement pressure.
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ration, dry density and shear strain are presented as well.
Table 6 shows a summary of the tests conditions and main
results. Note that the damping ratio is expressed in
percentage.
3.1. Comparison between Wyoming-type and FEBEX

bentonites

Wyoming-type and FEBEX are sodium and calcium
bentonites with a large difference in plasticity index (PI),
respectively. Wyoming-type bentonite has a PI around
450 % and FEBEX bentonite 53 %. Usually, it is assumed
that the damping ratio decreases when the PI increases
(Vucetic and Dobry, 1991) but it has also observed that
after reaching certain PI value, the effect on the damping
ratio has the opposite tendency and increases with the PI
(Lanzo and Vucetic, 1999).

The resonant column tests results presented in Fig. 6
and Fig. 7 do not show significant differences in damping
ratio due to the difference in PI. The shear modulus was
8

slightly larger in Wyoming-type bentonite than in FEBEX
bentonite (Pintado et al. 2019) but this statement should be
taken with caution due to the large scatter observed. The
caution should also be considered with the large PI of the
Wyoming-type bentonite. The FEBEX bentonite is in the
medium range of the PI presented by Vucetic and Dobry
(1991) and the Wyoming-type bentonite is beyond the max-
imum PI (200 %). It is necessary to have more results of
bentonites with PI between 53 % (FEBEX bentonite) and
450 % (Wyoming-type bentonite) to make conclusions
about the influence of the PI in dynamic properties of
bentonites.
3.2. Effect of the confinement pressure, degree of saturation

and dry density on damping ratio of the Wyoming-type

bentonite

Fig. 8 and Fig. 9 show the results of the resonant col-
umn tests in Wyoming-type bentonite. The increment of



Fig. 7. Damping ratio in Wyoming-type bentonite. Resonant column tests with p = 800 kPa. (Table 1 indicates the name and characteristics of each test).

Fig. 8. Damping ratio vs confinement stress for different degrees of saturation and dry densities (Degree of saturation (%)/Dry density (kg/m3) in the
legend) in Wyoming-type bentonite.
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the confinement pressure decreases the damping ratio since
the larger the interparticle stress the larger the elastic
domain.

It is expected that the increment of water in soils
increases the damping ratio as the viscosity of water is
higher than the viscosity of air (Ellis et al. 2000;
Madhusudhan and Kumar, 2013; Hoyos et al. 2015). It is
possible to see this increment in Fig. 8 and Fig. 9. Hence,
for a given density the damping increases with degree of
saturation, which is also inversely proportional to their
shear stiffness as observed in Pintado et al. (2019).
9

It is also expected that an increment of the dry density
decreases the damping ratio due to the larger stiffness
and elastic domain size of the soil (see Fig. 8 and Fig. 9).
It is possible to see in Fig. 8 a certain convergence of the
damping ratio when the confinement stress increased. This
convergence is, however, small and it was also observed in
the evolution of the shear modulus with the confinement
stress (Pintado et al. 2019). The degree of saturation and
the dry density did not converge, so the convergence in
the damping ratio observed in Fig. 8 was probably due
to the increase of the confinement stress.



Fig. 9. Damping ratio (%) for different degrees of saturation and confinement stresses in Wyoming-type bentonite (shear strain amplitude:104–103 %).
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The degree of saturation is related to the suction
through the water retention curve. This relation is not
unique because it depends on the density, temperature,
wetting or drying path. The effect of the suction in these
tests is extensively analysed in Pintado et al. (2023).

3.3. Effect of the damping ratio measurement method on the

damping ratio of the Wyoming-type bentonite

Previously presented results in this section were
obtained measuring the damping ratio with the resonant
column device. Triaxial, hollow cylinder and simple shear
tests were also carried out and the results were used for
the calculation of the damping ratio. All results are pre-
sented in Fig. 10 with other results from the literature.
The results show that the hollow cylinder test presents
smaller values of damping ratio than the triaxial tests
because the strains in hollow cylinder tests were smaller
than in triaxial tests. The results follow the tendency
expected by Vucetic and Dobry (1991) despite of large
scatter.

Simple shear tests deformed the samples more than the
triaxial and hollow cylinder tests, but the calculated damp-
ing ratios were smaller. The value of DW seems to be the
smallest if the results presented in Fig. 2, Fig. 4 and
Fig. 5 are compared.
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Other tests performed in compacted bentonites are pre-
sented in Fig. 10. Balagosa et al. (2020) carried out the tests
in Ca-bentonite varying the dry density from 1500 kg/m3 to
1770 kg/m3 and the degree of saturation between 39 % and
54 %. Tests were performed in a free-free resonant column
without confinement pressure. Amini (1999) performed the
tests in bentonite with a confinement pressure of 60 kPa in
a resonant column under random torsional excitation con-
ditions. Yang et al. (2020) performed the tests in Na-
bentonite with a dry density of 1470 kg/m3 and a degree
of saturation of 95 % (assuming a solids density of
2750 kg/m3). Tests were carried out in a dynamic triaxial
cell test set-up with a confinement pressure of 300 kPa.
The two tests from Nakamura et al. (2009) were carried
out in a torsion shear test set-up, measuring almost null
damping rations. The material was a mixture of Na-
bentonite (70 %) and silica sand (30 %) with a dry density
between 558 kg/m3 and 679 kg/m3 in saturated conditions
and confinement pressures between 27.0 kPa and 86.2 kPa
with a ratio raxial

rradial
between 1.0 and 1.3.

ASTM D3999 points out that the maximum strain level
for considering non-destructive response (only elastic
strains) is a shearing strain level <0.01 %. This level of
strains is small and depends on the material, so it can be
considered as conservative threshold. The damping ratio
in triaxial and simple shear tests was measured in cycles



Fig. 10. Damping ratio in Wyoming-type bentonite (this work and TR-95-20, Börgesson et al. 1995) and other bentonites and a bentonite–sand mixture
presented by different authors. Shear strain is c oct in triaxial tests and chz in hollow cylinder tests. Note the small values measured by Nakamura et al.
(2009). Range of Vucentic and Dobry (1991) was modified for considering the amplitude.
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of unloading–reloading, showing hysteretic cycle similar to
cycles in hysteretic materials (Fig. 2 and Fig. 5), so it might
consider elastic conditions, with the stress–strain paths
inside the yield surface. Plasticity is out of the scope of this
article and the movement of the yield surface during the
loading paths was not studied. Plastic models of swelling
materials can be found in Alonso et al. (1990); Gens and
Alonso (1992); François and Laloui (2008); Navarro
et al. (2014); Tachibana et al. 2020 and Ito et al. (2022)
among others. The compaction pressure in hollow cylinder,
triaxial and simple shear tests, which fixes the initial yield
stress, was studied in Pintado et al. (2023).

Test effect of the testing apparatuses in damping ratio
measurement was studied by Lanzo and Vucetic (1999)
and they pointed out the discrepancies between damping
ratios obtained in different tests set-ups. Khan et al.
(2008) showed that the damping ratio obtained in the res-
onant column can be different at high level of strains
depending on the test procedure, however, Hoyos et al.
(2015) measured similar values of the damping ratio in res-
onant column tests using bender elements and the torsional
mode.

It is interesting to observe in Fig. 4 the rounded borders
of the hysteresis loops in hollow cylinder tests. Lanzo and
Vucetic (1999) pointed out the two phenomena that cause
the damping in soils: the viscosity and the nonlinearity.
These authors commented that the area of a hysteresis loop
will increase if the soil is either more viscous (exhibits larger
11
creep under constant force or larger relaxation under con-
stant deformation) or its stress–strain behaviour is more
non-linear. The plasticity is associated with viscosity and
bentonites have large plasticity, so the rounded borders
of the hysteresis loops observed in hollow cylinder tests
might be due to the viscous damping.

The two mechanisms that cause damping (viscosity and
non-linearity or hysteresis) were investigated by Guido
(2019). His work showed that the hysteretic damping
weight decays when the damping ratio was measured with
the resonant column device from the free vibration method
described in ASTM D4015-15e1 (2015), so the damping
ratio measured is a weighted average of both dampings,
increasing the viscosity weight when the strains drop. The
steady state vibration method fixes the influence of both
dampings in each measurement because the maximum
strain does not change.

Senetakis et al. (2015) performed a comparison between
both methods, and no systematic over- or under-estimation
of the observed values was observed when one method was
used over the other one. The ASTM D4015-15 standard
recommends both methods for the measurement of the
damping ratio.

3.4. Effect of shear strain

The damping ratio remained constant till the shear
strain is 0.01 % (the strain considered by the ASTM
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D3999 as threshold for showing non-destructive response
to the application of cyclic loading) but increased exponen-
tially after this value. The damping ratios measured in the
simple shear tests apparatus did not follow the tendency of
the resonant column, hollow cylinder and triaxial tests: the
damping ratios measured were smaller although the range
of the strains were larger (Fig. 10 and Fig. 11). It should
be noted that the dry density in simple shear tests was
between the dry density of the hollow-cylinder tests and
the triaxial and resonant column tests, so the reason for
the lower damping ratio values in shear tests would be
due to the test conditions and not due to the density
differences.
Fig. 11. Damping vs G/Gmax in resonant column tests. Black solid and red das
for Wyoming-type and FEBEX bentonites respectively.

Fig. 12. Damping and G/Gmax in performed in Wyoming-type bentonite. Sol
cylinder tests.
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3.5. Effect of water salinity

Due to the large scatter observed in this study, it cannot
be concluded anything regarding the effect of water salinity
on damping ratio.

3.6. Relation G/Gmax and damping ratio

The reduction of the normalized shear modulus and the
increase of the damping ratio is presented in Fig. 11 reso-
nant column tests. In both bentonites it is possible to see
an increase of the damping with the decrease of the shear
modulus although in FEBEX bentonite, damping increase
hed lines indicate the maximum increase of the damping ratio with G/Gmax

id line indicates the tendency of damping increase with G/Gmax in hollow
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and shear modulus decrease is larger than in Wyoming-
type bentonite.

Fig. 12 presents reduction of the normalized shear mod-
ulus and the increase of the damping ratio in the different
tests carried out in Wyoming-type bentonite. In this case,
the evolution in triaxial tests presents a clear difference
between the tests carried out at low confinement pressure
(UPC, 1600 kPa) and large confinement pressure (EPFL,
4000 kPa). The first ones seem to follow the tendency of
the resonant column tests but when the confinement pres-
sure increases, decrease of the shear modulus is larger than
with lower confinement pressure. Hollow cylinder tests pre-
sent large scatter and the damping ratio measured with the
Fig. 13. Damping and G/Gmax vs shear strains in resonant column tests per
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simple shear tests is small, as it was presented in Fig. 10.
Gmax in resonant column and in hollow cylinder tests was
the maximum measured and Gmax in triaxial and simple
shear tests was estimated following the procedure described
in Pintado et al. (2023) because it is not possible to measure
the maximum shear modulus in these tests due to the level
of strains is too high. The value of Gmax has uncertainties
and it might explain part of the scattering of the results pre-
sented in Fig. 12.

Fig. 13 presents the damping ratio and G/Gmax versus
shear strains in resonant column tests. Although the results
presented large scatter, it can be observed that the reduc-
tion of the shear modulus and the increment of the damp-
formed in FEBEX bentonite (up) and Wyoming-type bentonite (down).
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ing ratio start at the same range of shear strains
(0.01–0.1 % in Wyoming-type bentonite and 0.001–
0.01 % in FEBEX bentonite. These results are consistent
with Vucetic and Dobry (1991) that predict larger shear
strains for changes in shear modulus and damping ratio
when the PI increases.

Other results presenting the evolution of the G/Gmax and
damping ratio vs shear strains can be found in Yang and
Woods (2015) in cemented clay, Kallioglou et al. (2008)
in cohesive soils, Lo Presti et al. (1997) in different soils
and Kokusho et al. (1982) in soft clay.

4. Conclusions

The findings of this work can be summarized as follows:

- The damping ratio decreases with the confinement pres-
sure and increases with the shear strain. Both tendencies
are clear. The extrapolation of the tendency when the G/
Gmax approaches to one indicates a minimum damping
ratio.

- The damping ratio increases with the degree of satura-
tion and decreases with the increase of the dry density,
but these tendencies are not fully clear. It can be
expected that soils will be stiffer and less damping mate-
rials in unsaturated conditions than in saturated condi-
tions due to suction effects.

- The damping ratio data on two studied bentonites in
here does not reveal any dependency of damping ratio
on PI that have been noted previously. However,
Wyoming bentonite used is this work has a PI of
450 %, whereas previous analyses were performed in
soils with PI lower than 100 %.

- The measurement method might have influence on the
obtained damping ratio. The hollow cylinder test seems
to follow the tendency of the resonant column tests
rather than the triaxial tests. The simple shear test
clearly does not follow the tendency of the other tests.

- The damping ratio measured by other authors is near
the lower bound of PI except in the results obtained with
a mixture of bentonite and sand, which are found below
the lower bound.

- From the results obtained, the damping ratio can be
measured with the resonant column in small strains
and hollow cylinder test when the strains are larger. Res-
onant column test gives the damping due to viscosity
and non-linearity when free vibration method is used
and hollow cylinder test, the damping due to non-
linearity. The results of triaxial and simple shear tests
methods should be used with caution.

- The results from different laboratories and different
apparatus concur to have a quite-unified evaluation of
the studied properties, which is a good indication of
the robustness of the study. Unfortunately, the results
presented large scatter, partially due to the different
properties (dry density and degree of saturation) of the
samples tested.
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