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ABSTRACT 
The dynamic properties of loose sands under low stresses are an unexplored topic in soil 
dynamics because these soil conditions are uncommon in most geotechnical structures on 
Earth. However, low densities and low-stress conditions prevail on other planets, like, for 
instance, the surface of Mars, for which particular attention is presently given through the 
InSight NASA mission. This work presents a new procedure for measuring the dynamic 
properties of loose sand under low stress by using the Dynamical Mechanical Analysis (DMA) 
tester, a technique commonly used in asphalt engineering but not in geotechnical engineering. 
Compared to traditional geotechnical methods (Resonant Column and Cyclic Triaxial Tests), 
DMA investigates a broader range of strains using a single apparatus. In this work, we assess 
the dynamical properties of loose fine sand Dr ≈ 0.2, considered a possible Mars regolith analog, 
by varying the input strain from γ=10-6 to γ=10- 2 while applying confining pressures from 
σ3=3 kPa to σ3=30 kPa. The results validate the proposed procedure, showing an increment of 
the shear modulus as the confining pressure increases. Furthermore, they highlight DMA’s 
advantages for studying the dynamic properties of granular soils under low stress and strain. 
 
Keywords 
Dynamic properties, Dynamical Mechanical Analysis (DMA), Rheometer, Loose sand, Martian 
simulant, low confining pressure. 
 
NOMENCLATURE 

σv Basal suction 
σ3 Confining pressure 
ξ Damping ratio 
G Dynamic Shear Modulus. 
ρ Grain density 
Gmax Maximum dynamic shear modulus 
D50 Median particle size. 
Cu Uniformity coefficient 
γr Reference shear strain 
Dr Relative density 
θ Rotation reported by the rheometer. 
t Shear stress 
γ Shear Strain 
γe Shear strain in the elastic threshold 
σ Standard deviation 
ψ Suction 
T Torque 
e Void ratio 

 



        

Introduction  
 

The study of the dynamic properties of Martian regolith gained interest due to NASA’s InSight 
mission on Mars (Interior Exploration using Seismic Investigations, Geodesy, and Heat 
Transport). InSight is a geophysical mission that successfully installed for the first time on the 
surface of Mars, in an area called Elysium Planitia, a high sensitivity very large band 
seismometer called SEIS (Seismic Experiment for Interior Structure), together with a self-
driving thermal probe called HP3 (Heat Flow and Physical Properties Package). Both 
instruments provided detailed geophysical and mechanical data of the near-surface terrain. 
Figure 1 presents a photo taken at the beginning of the mission by the Instrument Context 
Camera (ICC) of the InSight lander, showing that the landing site, called Homestead Hollow, 
is flat and characterized by a sandy deposit with little rock abundance as planned from orbiter 
data during the landing site selection (Golombek et al. 2020). Figure 1 also shows, in the center, 
the semi-spherical white Wind and Thermal Shield (WTS) covering the SEIS seismometer to 
protect it from Martian winds (under an average atmospheric pressure of 600 Pa) and 
temperature changes (between -20°C and -80°C). The selection of the Martian regolith 
simulants was based on orbital thermal inertia measurements, geological considerations, and 
some observations from former rover missions (Golombek et al. 2008), suggesting that the 
Mars surface in Elysium Planitia is made up of loose sub-rounded to rounded sand with an 
average diameter of around D50=175 µm.  
 

 
 

FIGURE 1. Instrument Context Camera view of the Wind and Thermal Shield (WTS) covering the 
SEIS seismometer in the centre and the HP3 device on the left-hand side. The dome measures 60 cm in 
diameter. Image Credit: NASA-JPL. The foot consists of a disc with 60 mm diameter and a 20 mm long 
conic spike (10 mm diameter at its base) in its centre (Delage et al. 2022). 
 

The physical properties of the surface regolith were further characterized by local thermal 



        

measurements conducted with the HP3 probe, which indicated a low thermal conductivity for 
the upper 3-37 cm of the soil (0.039 ± 0.002 W m−1 K−1) from which quite a low density was 
derived, around 1.2 Mg/m3 (Spohn et al. 2018). The very low-stress profile along the first 10 cm 
is related to the low gravity on Mars (3.73 m/s2). 
On Mars, regolith grains are rounded due to long-term saltation by Martian winds, as directly 
observed by (Goetz et al. 2010) through optical microscope observations onboard the Phoenix 
spacecraft. Previous studies showed that the NE34 Fontainebleau sand could be a proper 
Martian regolith simulant (Delage et al. 2022). Fontainebleau sand is a well-sorted silica sand 
(grain density ρs = 2.651 Mg/m3) from the Paris Basin with a D50 of 220 µm, compared with the 
D50=175 µm diameter derived from thermal inertia measurements. 
Previous investigations on Martial regolith allowed providing some first estimates of the 
compression and shear velocities of Mars’s surface (Delage et al. 2017), together with other 
physical properties (Spohn et al. 2018), the interaction between the SEIS foot and the Martian 
regolith (Delage et al. 2022) and the study of the shear and compressive wave’s velocity and 
Poisson ratio, among others. 
Given that little information is available about the shear modulus degradation curve in sands 
below σ3=30 kPa, a new specific device, using a DMA rheometer, was used to investigate very 
low stresses. This paper describes this new system and the tests carried out to investigate the 
degradation curve of the shear modulus at very low stresses and from low to large shear strains. 
 
Background 
 
Cyclic loading is a load repeatedly applied with a specific frequency (Ishihara 1996). Cyclic 
loading is of practical relevance for many problems in geotechnical engineering on Earth and 
other planets (e.g., Mars). It may be caused by human activities, like traffic, or natural sources, 
like seismic loads leading to the propagation of shear waves in the soil and inducing cyclic 
shearing (Wichtmann 2016). The dynamic shear modulus G and the damping ratio ξ 
characterized the soil response to cyclic and dynamic loadings. The soil response depends on 
the soil characteristics (e.g., relative density, grain size distribution), and conditions (e.g., 
confining pressure and strain level) (Kramer 1996). 
Ishibashi and Zhang (1993) analyzed the dynamic properties of G and ξ of available soil set 
experimental data, including non-plastic sands to highly plastic clays, evaluating the effects of 
plasticity and confining pressure σ3. The research concludes that the Plastic Index (PI) is the 
main factor controlling stiffness for plastic soils. In contrast, for cohesionless soils, like sands, 
the confining pressures significantly affect the soil stiffness (Molina-Gómez et al. 2020). 
In terms of confining pressure, it influences the mechanical behavior of soil. The maximum 
shear modulus Gmax for granular materials strongly depends on the confining pressure σ3. This 
dependency is usually analyzed through the general form of equation (1) 
(Molina - Gómez et  al.  2020): 
 



        

                                                       (1) 
 
where 𝐶 is a material coefficient that captures the influence of the particle shape and bonding 
or cementation of the particles, Pa			is the atmospheric pressure and 𝑛 is a power exponent that 
reflects the sensitivity of the stiffness modulus to the confining pressure, and f(e) is a void ratio 
function (Molina - Gómez et al.  2020). 
The dependency between the maximum shear modulus and confining pressure σ3 determines 
that the level of soil resistance decreases when the confining pressure is low. In consequence, 
the understanding of soil behavior at low stress is essential to geotechnical engineering 
problems related to shallow foundations, slope stability with a risk of surface failure, tunnels 
with shallow overburdens, geotechnical structures subjected to static or cyclic loading under 
low confining stress (Huang 2015), or the effect of seismic wave register by the SEIS (Delage 
et al. 2022).  
Researchers have developed several laboratory and field tests throughout history to assess how 
confining pressure σ3 and strain levels γ affect a soil's mechanical properties G and ξ, evaluating 
different strain ranges and minimum confining pressures. 
Regarding the confining pressure effect on soil properties, test procedures have been developed 
to evaluate the effect of low confining pressures; however, the dynamic properties (G, ξ) have 
been measured at a minimum confining pressure of σ3=20kPa. Delfosse-Ribay et al. (2004) 
evaluated both G and ξ in a resonant column test on a natural Fontainebleau sand 
(D50  =220 µm) and mixtures with various grouting materials (Delfosse-Ribay et al. 2004). They 
showed that, for all materials, the confining pressure improves the shear modulus, with, 
however, a negligible effect on the damping ratio. More recently, Kumar et al. (2013) 
investigated the dynamic properties (G, ξ) of sand and sandy soil with fines in a confining 
pressure range σ3= [20∶300] kPa. They point out that both G and ξ are significantly affected by 
the confining pressure, showing that an increase in the confining pressure increases G and 
decreases ξ, with a significant increase in cyclic strength under higher confining pressures 
(Kumar et al. 2013). Delage et al. (2017, 2022) investigated dry sand's dynamic properties (G, 
ξ) at confining pressures σ3≥20 kPa and relative densities Dr≥0.3. In this research, resonant 
column and triaxial tests were used to explore the influence of pre-vibration cycles at two 
relative densities (Dr=  [0.3,0.6]) and two confining pressures (σ3= [100,300] kPa). The results 
showed a slight decrease in shear modulus with increased loading cycles, with a significant 
drop in damping ratio. In addition, increased confining pressure decreases the sand's damping 
ratio and reduces the effect of the number of pre-vibration cycles. More recently, Molina-
Gómez et al.(2020), presented a detailed characterization of two historically liquefiable sands 
from the greater Lisbon area using bender elements and resonant columns evaluating a 
confining pressure range of σ3=[30-200] kPa. The results showed that the damping ratio 
increases with strain level in the range 𝛾 > 10−5 in both sands. Furthermore, results showed 
that 𝜉 decreases as σ3 increases. Despite the existing research, few of them explore the very 



        

low-stress range σ3≤30kPa. 

Alternatively, the loading frequency repetition and the strain level significantly impact the 
soil's response to dynamic loads. The strain magnitude determines the soil phenomena and the 
mechanical characteristics (Ishihara 1996). Generally, soil deformations in a range of γ<10-5 are 
elastic and recoverable; the associated phenomenon could be the vibration and wave 
propagation through the soil layer. In contrast, in a range of γ = [10-4-10-2], the soil behavior is 
elasto-plastic, producing irrecoverable deformation. In this condition, the development of 
cracks or differential settlements appears. Also, for strains γ>10-2, the soil could suffer slides, 
compaction, or liquefaction at higher strain levels (Ishihara 1996). 

The strain level effect is evaluated in different ranges depending on the device and test 
characteristics (see table 1). Generally, Insitu measurements include vibration tests evaluating 
strain ranges of γ = [10-5-10-3] and seismic wave method evaluating ranges of γ = [10-6-10-5] 
(Ishihara 1996). Laboratory tests have a wide range of strain levels. The bender elements 
measure the elastic material zone. These tests could measure the strain range of γ = [10-6-10-5] 
(Ishihara 1996, Rio 2006, Irfan et al. 2020). The elastic zone and part of the elasto-plastic zone 
of the shear modulus degradation curve could be measured by the resonant column, which 
provides information in the strain range of γ = [2×10-6:6×10-3] (Ishihara 1996, 
Molina -  Gómez  et al. 2020). The elasto-plastic zone properties could be measured by 
repeated loading tests, like the dynamic triaxial test, which measures higher strain levels (γ≥10-

4) evaluating the shear dynamic modulus G degradation. Also, devices like the cyclic direct 
simple test, provide strain data between the resonant column and the triaxial test γ = [10-4:10-

3], measuring the maximum dynamic shear modulus Gmax at the limit of the elastic range. 

In order to measure the entire elastic and elastoplastic strain range, combined methods have 
been developed. For example, the University of Texas at Austin developed the fixed free 
Resonant Column/Torsional Shear (RCTS) studying the behavior of geomaterials at shear 
strain ranging from γ = [10-5:10-3] (d'Onofrio et al. 1999). Based on the design criteria of the 
RCTS, d'Onofrio et al. (1999) developed THOR, a new torsional shear apparatus composed of 
a torsional cyclic shear device incorporating an electromagnetic loading system with a high-
resolution measurement system allowing better precision measurements at strains levels below 
of γ<10-5 (d'Onofrio et al. 1999). However, finding a single instrument suitable for measuring 
strains within the entire allowable range γ  = [10- 6:10-2] was not possible. Consequently, two 
different transducers had to be used. Hence, rotations were monitored by a pair of micro-
proximity and approximators (d'Onofrio et al. 1999).  

The combination of the existing devices allows the evaluation of soil's elastic and elasto-plastic 
behavior in a strain range of γ = [10-6:10-2]. However, a single curve could not be guaranteed 
in all cases due to differences in the loading setups, the sample preparation, and the 
deformation measurements (Villacreses et al. 2020). Therefore, using one single device over a 
wide strain range γ = [10-6:10-2] appears useful and can be achieved with an oscillating 
rheometer, often used in other engineering fields (asphalt engineering or food processing).  



        

The DMA dynamic shear rheometer (Dynamical Mechanical Analysis) measures a shear strain 
range of γ = [10-6:10-2]. It applies a harmonic oscillatory stress or strain signal with a controlled 
frequency and strain amplitude, measuring the material dynamic properties G and ξ 
(Villacreses et  al. 2020). Table 1 shows a summary of the strain level ranges that some devices 
could measure based on the references analyzed (Ishihara.1996; d'Onofrio et al. 1999, 
Molina - Gómez et al. 2020, Rio 2006, Irfan et al. 2020, Villacreses et al. 2020). The rheometer 
test used in this research is a single device (not a combined method) that can measure a whole 
strain range from 10-6 to 10-2. 
 

TABLE 1. Shear strain ranges for soil dynamics tests measuring the shear modulus degradation  
 
Test method Strain Level 

Rheometer 10 -6:10 -2 

Bender Elements 10 -6:10 -5 

Resonant Column 2×10-6:6×10-3 

Repeated loading test 
(e.g., Cyclic Triaxial Test) 

10 -4:10 -2 

Combined Methods: 
Torsional shear+ Electromagnetic 

10 -6:10 -2 

 

Villacreses et al. (2020) tested kaolin samples in the DMA and subjected the samples to 
different suction conditions ψ= [0.35-98.5] MPa measuring a shear strain range of γ = [6×10-

6:1×10-3]. The authors compared G and ξ with results obtained with the resonant-column 
apparatus, proving that the proposed method (DMA) could measure the soil behavior in a 
wider strain range and identify a Gmax close to the value reported by the resonant column.  
The results obtained by Villacreses et al. (2020) suggest that DMA had better precision than 
available tests for fine-grained soils. However, evaluating the dynamic soil properties of 
granular soils using DMA is challenging as dry granular soils require a confining pressure for 
holding the sample. Therefore, a careful preparation method is needed to ensure a uniform 
relative density across the sample. 
The existing tests methods evaluate different strain ranges and confining pressures. However, 
a single device to evaluate the soil mechanical properties (G and ξ) for loose sands in a strain 
range of γ = [10-6-10-2] and under low confinement pressures (σ3 < 10 kPa) is currently missing. 
Also, the soil behavior under dynamic loads at low confining pressures requires further 



        

investigation. Therefore, this study introduces a novel procedure using the DMA for loose dry 
sand, enabling the determination of dynamic parameters (G and ξ) across a wide strain range 
of γ = [10-6:10-2] varying confining pressures σ3 = [3-30] kPa. 
 
Experimental observations on cyclic degradation 

To the author's knowledge, the first study points to soil modulus degradation measurements 
dating back to the mid-1930s with the resonant column works of Ishimoto (Ishimoto and Iida. 
1936). However, the first documented observations relating shear strain with the shear 
modulus degradation in soils date back to the decade of the 1960s. In this decade, the dynamic 
characteristics were measured using standard devices, like the cyclic triaxial or the resonant 
column. First, the triaxial test measured the hysteresis loop of several coarse-grained soils 
(Weissman and Hart. 1962). Next, the effect of variables such as the void ratio and the 
degradation of the wave velocity was evaluated using the resonant column on sands 
(Hardin and Richart. 1963). Then, the observations of shear modulus degradation sparked the 
attention of the geotechnical community between 1966 and 1972, when the first degradation 
curves for the G moduli, on both sands and clays, were presented (Silver 1969, Seed 1970, 
Drnevich et al. 1966, Hardin and Drnevich 1972). Numerous works followed these early steps, 
relating the cyclic degradation in clays with the plasticity index. Similarly, for materials such 
as Toyoura sand, the presentation of the cyclic degradation in terms of normalized 
moduli G/Gmax allowed a simpler comparison (Vucetic and Dobry 1991, Kokusho 1980). 

The sample confining stress affects the degradation curves, showing a significant variation 
under slight variations in confinement. At stresses below σ3=100 kPa, curves for different tests 
may be mixed, highlighting the relevance of test repeatability concerning the values' 
variability (Darendeli 2001). 

Another key question lies in the interpretation of the degradation curve curvature. Semi-
empirical fitting models that recreate the moduli degradation phenomena have addressed this 
question. These models are generally formulated regarding the normalized modulus as a 
function of the shear strain imposed upon the soil (Hardin and Drnevich 1972, Darendeli 
2001). 

Ishibashi and Zhang (1993) collected available data on dynamic shear moduli of various non-
plastic sands and compared the data with a general equation for sandy soil relating the shear 
modulus with the confining pressure, expressed as equation (2). 

                              (2) 



        

Ishibashi and Zhang (1993) also established an equation for the damping ratio related to G/Gmax. 
However, the author mentioned that because measurements of damping ratio are more 
sensitive and challenging than the shear modulus measurements G and large damping ratios ξ 
would not be attained until the final stages of dynamic computations, the scatter of the data 
points was considered small, and it was fitted by equation (3) (Ishibashi and Zhang 1993). 

 

                                   (3) 
 

Besides the relation between the Gmax and the confining pressure σ3, the modified hyperbolic 
model is a general model that describes the shear modulus reduction of fine and granular soils. 
Santos and Gomes (2001), investigate the shear modulus degradation of soil with strain. The 
study was based on a key parameter defined previously by the authors and called reference 
threshold shear strain γ0.7. This parameter was defined as the shear strain for a normalized soil 
stiffness degradation factor of G/Gmax=0.7, in which Gmax is the initial shear modulus for a very 
small strain (γ=10-6), and G is the secant modulus of soil. The authors proposed a hyperbolic 
function used to fit test results. Simple regression analysis shows that the previous boundary 
curves can be fitted by a mean curve defined by the following relationship shown in equation 
(4). The best fitting was obtained with a=0.385 based on the least squares method.  

 

                                          (4) 
 

More recently, Oztropak and Bolton (2016) calibrated the model's parameter to fit the results 
of 454 literature tests on granular soils. In addition, the model parameters were found based 
on a detailed review of an extensive experimental data collection for sands with various grain 
size distributions (Oztroprak and Bolton, 2016). Based on these calibrations, the model yields 
a relatively simple equation (5). 

                                                     (5) 

where the normalized soil stiffness G/Gmax can be estimated as a function of the shear strain γ, 
a reference shear strain γr an elastic threshold strain γe, and a curvature coefficient α, varying 
between 0.75 to 1.0 (Oztroprak and Bolton. 2016). 



        

According to the authors, the model may be used with Gmax values directly measured from one 
of the experimental tests. Another option is to use it with the usual power models to predict 
the initial modulus value. The authors report that this model yields better predictions for 
higher strain values, and as is often the case, it has a significant uncertainty for low strains and 
stress values. 

Materials and Methods 
The DMA test is commonly used for determining the viscoelastic material properties of asphalt 
mixtures, like dynamic shear modulus and phase angle at different temperatures 
(Caro et al. 2013). The technique is also recommended for evaluating the deterioration of 
asphalt materials and their performance with temperature control (Caro et al. 2013). The test 
involves applying a harmonic oscillatory angular strain with frequency and amplitude control 
while measuring the necessary stress for maintaining the harmonic motion and the sample 
rotation with a precision of 10-9 N.m and 40 nrad, respectively (TA Instruments 2006). The 
measuring principle of the DMA is like the cyclic torsional test currently used to characterize 
cyclic soil behavior. 

The DMA test directly and precisely measures the dynamic shear modulus G and damping 
ratio ξ. In this work, we adapt the DMA test by allowing basal suction σv and, hence, applying 
a confining pressure σ3 to a dry sand sample (see fig. 2). In consequence, this procedure extends 
the experimental capabilities of the DMA to coarse-grained materials, allowing the study of 
the dynamic properties in a wider range of deformations and all in a single test.  

This method's advantage is its ability to evaluate the dynamic soil response under a strain range 
γ= [10-6-10-2] using a single device. Additionally, the rheometer provides precise values for 
each strain level with high accuracy. However, this procedure is specifically designed for dry 
sands with low confining pressures. To use this method on saturated sands, a system that blocks 
water from the vacuum system is required. 
 

System device  

Rheometers that apply cyclic signals of strains are known as Dynamical Mechanical Analysis 
(DMA) testers (Villacreses et al. 2020). The shear rheometer employed in this work has a 
minimum torque oscillation of 3×10-8 N.m and a minimum torque steady of 5×10- 8 N.m. It 
could apply a minimum torque of 0.2 N.m, with a resolution of 1×10-9 N. Also, the motor has 
an inertia of 15 µ N.m.s and can apply an angular velocity in a range of 1×10-8 rad/s to 3×10-2 
rad/s, with a displacement resolution of 4 x 10-5 rad (Villacreses et al. 2020, TA Instruments 
2006).  

In the shear rheometer, the sample is held on two metallic caps, tightened by two O-rings, and 
enclosed by a hand-made latex membrane. Initially, the piston directly contacts the sample, 
and the membrane is fitted onto the cap. Although the membrane may introduce additional 
confining stress, this effect can be disregarded when the vacuum is applied, as the membrane 
becomes stress-free. However, in larger deformations where the specimen is fully degraded, 



        

the membrane remains embedded in the cap, resulting in recorded shear corresponding to the 
membrane. The confining pressure system is activated through a miniature hole on the bottom 
cap (see fig. 2). The DMA has a series of automated testing modes, among which the sweep 
shear strain is selected in this work. 

 

 
FIGURE 2. Schematic of the Dynamical Mechanical Analysis (DMA) for dry sands. (A) Experimental 
setup: photograph of the DMA Tester with a zoom of the sample; and (B) Sample dimensions, coupling 
system, and basal confinement. 

The system device components have been designed especially for this test. First, the hand-
made latex membrane is made using a rigorous proceeding with a smooth wood mold and 
submerged in liquid latex. The bottom and top caps are made of aluminum, matching the 
rheometer pedestal diameter. A rigid slice pipe of polyvinyl chloride supports the latex 
membrane while the sand sample is prepared. Table 2 shows the dimensions of the shear 
rheometer components. 
 

TABLE 2. System device components dimensions and materials. 

 Dimensions Material 

Bottom and Top 
Cap Diameter: 15mm Aluminum 

Membrane 

Diameter: 15mm 

Height: 60 mm 
Thickness: 2mm 

Latex 

Rigid slice pipe 
Diameter: 15mm 
Height: 45 mm 

Thickness: 3 mm 

Polyvinyl 
chloride 

O-rings 
Diameter: 15mm 

Thickness: 1 mm 
Rubber 



        

Material 

Selecting a relevant Martian regolith simulant is challenging (Seiferlin et al. 2008). However, 
based on the measurements of the microscopic images of the Mars exploration rovers and Mars 
science laboratory, and Phoenix missions and by thermal inertia measurement, the Insight 
mission team has decided that t the Fontainebleau sand (NE34), well-sorted rounded sand with 
an average grain diameter D50= 220 μm (close to 170 μm that is the estimated value at the 
InSight site) (Delage et al. 2022). Golombek et al. (2020) presented a geological description of 
the so-called ‘homestead hollow’ where the lander is located. Based on it, the Insight research 
team estimated the cross-section of the landing site with a layer around 3 m thick of relatively 
fine-grained impact-generated regolith that is likely to grade with depth into coarse, blocky 
ejecta, which overlies fractured basalt flows, with an estimated 10 m thick layer of blocky 
ejecta (Delage et al. 2022, Golombek et al. 2020). 
Since one of the objectives in this research is evaluating the applicability of the DMA method 
on the Martian simulant regolith, experiments are performed on Fontainebleau sand, with a 
nearly monodisperse grain size distribution, mean grain diameter of D50 =220 μm, uniformity 
coefficient Cu = 1.52, void ratio range of [emin: emax] = [0.54: 0.84], and grain density of 
ρs=2.65 g/cm3 (Delage et al. 2022). Figure 3 shows the grain size distribution obtained following 
the procedure of ASTM 6913 (ASTM 2017). 
 

 
 
FIGURE 3. Grain distribution obtained of Fontainebleau Sand. Inset: Photograph of the sand sample. 
 
Sample preparation 

The sample preparation is the most critical and challenging step due to the sample’s small 
dimensions and low density. The preparation process is carefully controlled, so replicability 
for all samples is guaranteed.  
The DMA samples are prepared within a latex membrane and encapsulated within a rigid 
sliced pipe (see fig. 4A). The sliced pipe controls the sample dimensions, resulting in a sample 
of 15 mm in diameter. The space between the rheometer pedestal and the piston restricts the 



        

sample height to 45 mm (see Table 2). The membrane is external to the system comprising the 
sample and the metallic caps. That is why when the rheometer piston goes down, it touches 
the sample directly.  
Regarding the sample size, the proposed method applies only to fine sands. In fact, as noted in 
Gourves (1988, 1993) and Caicedo (2019), a relationship between the diameter of the sample 
and the maximum particle size sample dsample/ Dmax>10 is required to reach a coefficient lower 
than 10% in contact forces between particles. In this research, such a relationship is 375, 
ensuring that the sample behaves as a continuum.  
 

 
 
FIGURE 4. Schematics of the (A) Sample preparation and (B) water column method for a 
better precision measuring the confining pressure where: 1. Sample in the Rheometer’s 
pedestal, 2. Suction through the cap hole, 3. Water column – ruler, 4. Water-sand trap, 5. 
Pressure gauge, and 6. Building’s vacuum system. 

 

The preparation procedure is as follows. First, the latex membrane is embedded in the bottom 
cap using two O-rings. Then, the rigid pipe covers the latex membrane giving support while 
the sample is prepared. Next, the sand is pluviated into the membrane using a funnel with a 
diameter of 5 mm. The funnel goes down until the bottom cap and the sand is deposited into 
the funnel. Then the funnel is raised, ensuring a release height close to zero. This process is 
essential in maintaining minimal external vibrations on the sample and avoiding possible 
densification. For control purposes, sample density is measured after the test, weighing the 
sand within the latex membrane, and obtaining variations of density of up to +/- 0.05 g/cm3. 
Once the sample reaches the required density, the top rheometer motor is downed close to the 
sample. It is essential that the motor does not touch the sample and densifies it. Next, the latex 
membrane is tightened to the top and bottom DMA caps by two O-rings, ensuring a joined 
motion during the test (see fig.  4B). Once the sample height is reached and both caps are tight; 
air suction is applied through the bottom cap, inducing a confining pressure σ3 on the sample. 



        

Special care is devoted to inspecting for air leakages on the membrane fixtures or the 
membrane. 

Low-confining pressures are controlled with a 100-mbar suction pump (reference: AGA 
VALVULA-EVAC 1000). For pressures below σ3=10 kPa, we employed a water column 
method, guaranteeing a better precision measurement (see fig. 4B). In this process, the suction 
pump applies the confining pressure required through an air pipe joined to the bottom cap, 
but as the pressure is low, an additional method is necessary to regulate the measurement. 
First, the air pipe is bound to a water pipe using a water trap. Then, the water pipe allows the 
measurement of the water level, corresponding to the confining pressure applied. For pressures 
higher than σ3= 10 kPa, the suction can be applied directly by the suction pump, obtaining 
better precision values with a precision of +/- 0.01 kPa. 

Experimental campaign 

The DMA tests are conducted on a Fontainebleau sand with a relative density of 
Dr= 0.2 +/- 0.05, subjected to a strain range of γ= [10-6:10-2] and maintain a constant shear strain 
rate frequency of f=1 Hz over ten harmonic signals. The frequency value was determined using 
a sweep frequency test to evaluate the frequency effect. Figure 5 shows the results of a 
frequency sweep test in a range of f = [0.01-8] Hz at a confining pressure of σ3=5kPa and a 
constant strain level of γ=0.0004. This confining pressure was selected because it allows the 
evaluation of the effects of the frequency effects at very low confining pressure.  Figure 5 
shows that the frequency differs, showing a frequency effect. Due to this research following a 
shear strain sweep test, a constant frequency of f=1 Hz was selected as the constant value.  

 

 
FIGURE 5. Frequency sweep test for a confining pressure of σ3=5 kPa at a constant strain level of 
γ=0.0004. 

The DMA test using the Rheometer is carried out using a strain sweep methodology that 
applies a sinusoidal torsional strain signal with a period of 1 min while the oscillation stress is 
recorded. This research tests the sand samples with a strain/displacement control. Each sweep 



        

strain test consists of 13 strain levels in the range values of γ= [10-6:10-2], applying ten harmonic 
sinusoidal signals with a period of 1 min (see fig.6). This procedure is adapted from the DMA 
test on kaolin samples by Villacreses et al. (2020).  

The strain values increase during the test proportionally with piston rotation θ. Then, this 
rotation is converted into strain values according to the sample diameter and height. Besides 
the rotation, the DMA rheometer reports the values of the Torque (T) applied to the sample in 
values of (µN.m); these values are the basis of the shear stress calculation t. Finally, the 
experimental variable is the confining pressure, while the strain range, density, and 
dimensions remain constant. 

The adapted DMA allows testing the sand sample to very low confining pressures, like 
σ3=3 kPa, until raising it to σ3=30 kPa. For each confining pressure level, a total sweep shear 
strain is performed. Each confining pressure has three repetitions, confirming the test 
repeatability for DMA test. A sample is prepared for each confining pressure and test 
repeatability; once the swipe strain test ends, the system device is disassembled, cleaned, and 
assembled for the new test. Table 3 summarizes the experimental campaign. The harmonic 
signal is recorded for each strain level step. This is the base of the hysteretic loop, which is the 
basis for determining the dynamic properties G and ξ. Figure 6 shows how the hysteretic loop 
area increases as the strain level increases and how the hysteretic loop slope decreases. 

TABLE 3. Experimental campaign. 

 Dimensions Material Condition 

Sample 

condition 

Diameter: 15mm 

Height: 45 mm 
Fontainebleau 
sand 

Dry 
relative density: 
≈  0.2 

 Swipe strain 
range Frequency Confining 

pressure 

Test 
condition 

 
Constant 

1 Hz 

Constant 
σ3=[ 3 ,5,10,30]kPa 

 



        

 
FIGURE 6. Scheme of the test campaign. 

Results and Discussion 
The sand's dynamic mechanical properties, G and ξ, can be evaluated using the harmonic 
signals recorded by the DMA rheometer. The recorded signals show a clean harmonic motion 
in time and allow the reconstruction of the hysteretic loop for each confining pressure (see fig. 
7). 

 
FIGURE 7. Example of a single oscillation recorded in the DMA test. (A) Torque and displacement 
harmonic and (B) Hysteretic loop indicating the dynamic shear module G measurement as the loop 
slope. 



        

The hysteretic loops are recorded for each strain level, starting with the first strain level 
reported on the sample until the last strain level. Figure 8A shows the variation of the 
hysteretic loops for a confining pressure of σ3=30kPa. The hysteretic loops size increase as the 
strain level increases. In contrast, the hysteresis loop slope decreases along the swipe strain 
test. Figure 8B shows the hysteretic loop for the first strain level recorded (γ=5.2×10- 7). 
Comparing the first hysteretic loop with the lasted hysteretic loops (γ≥1×10-3), the loop area is 
significantly higher for the last loop, showing a material energy dissipation during the test. 
The DMA test measured the properties of the first hysteretic loop, indicating that it can 
measure the sample's elastic range at the initial strain levels. 

 
FIGURE 8. (A)Variation of the hysteretic loops for a confining pressure of σ3=30kPa. (B) zoom in the 
first strain level. 
 

Dynamic shear modulus 

The hysteretic loop is the base of the dynamic measurements. Its slope depends on the soil 
stiffness G (see inset fig. 9A), which can be described by equation (6).  

 

                                                                     (6) 

Where τ is the shear stress related to the torque applied on the sample, and γ is the shear strain 
amplitude observed as the sample rotates (Kramer 1996).  

The sweep strain test γ= [10-6-10-2] is carried out for confining pressure σ3 = [3,5,10,30] kPa 
with the three repetitions per confining pressure value. Figure 8 shows the mean value of the 
shear modulus obtained in each strain step and each confining pressure. Figure 8A shows the 
shear modulus evolution as the confining pressure increases, and Figure 8B shows the shear 
modulus degradation for each confining pressure. As shown in Figure 8A, the maximum shear 
modulus increases as the confining pressure increases. This stiffness increase is due to the 
increment in the hysteretic loop slope (see fig 9A inset). For example, for σ3 =3 kPa, the 



        

hysteresis loop has a slope close to zero because the material is loose, and the confining pressure 
is low. 
In contrast, for σ3 =30 kPa, the hysteresis loop inclination rises, pointing to a material stiffening 
and densification. The material is confined in this condition, and the elastic range extends to 
a strain level of γ = 2×10-5. The elastic range is evident for confining pressures of σ3 =30 kPa 
and σ3 =10 kPa; in these conditions, the material has more stiffness allowing a recoverable strain 
range. In contrast, as the confining pressures decrease, the material suffers a sudden 
degradation; hence, an elastic range is not evident for a confining pressure of σ3 =3 kPa, and 
the G curve is almost linear. In contrast, an evident effect of low confining pressures is a 
relatively lower dynamic shear modulus G and normalized modulus G/Gmax (see fig. 9B). 
However, the degradation rate increases as the confining pressure decreases, as σ3 =30 kPa has 
the highest slope, followed by σ3 =10kPa and σ3 =5kPa. The degraded curve for σ3 =3kPa does 
not present an evident elastic range and is suddenly degraded.  
 In all cases, the relationship between G and G/Gmax with γ shows degradation at moderately 
large strains. Interestingly, this degradation is observed on very low γ for low confining 
pressures σ3=3 kPa, while it only initiates at γ ≥2×10-5 for σ3=30 kPa. Here, it is assumed that 
the sand stiffness is minimal under low confinement, and the first oscillatory movement 
already degrades it. For this reason, the degradation curves for low confinement are linear, and 
an elastic range is not noticeable. Following the reasoning of an elasto-plastic material, the 
yield strain could set the transition between the elastic and the plastic ranges. This transition 
can be interpreted from the dynamic shear modulus degradation curve, and it can be argued 
that it depends on the confining pressure. 
The results show that the degradation curve for 3 kPa points to a minimal elastic range from 
the test beginning and rapidly transitions to plastic behavior. On the other hand, the 
degradation curve of 30 kPa is more hyperbolic, or sigmoid, due to the transition from the 
elastic to the plastic range. 
 



        

 
FIGURE 9. Shear modulus G degradation curve. (A) Evolution of G as a function of γ for confining 
pressures of σ3= [3,5,10,30] kPa at f=1 Hz. Inset: Hysteretic loops for the same confining pressures at a 
shear strain level of γ=0.0010. (B) Normalized shear modulus G/Gmax as a function of γ. 
 
For a better precision degradation curve, it is helpful to compare the obtained results with the 
models proposed by Ishibashi and Zang, 1993 (equation (2)), Santos and Gomes Correia, 2001 
(equation (3)), and Oztoprak and Bolton 2013 (equation (4)). Table 4 shows the nonlinear 
adjustment coefficient R2. This coefficient of determination R2 is a standard measure of 
goodness of fit for mathematical models fitted to empirical data using least squares regression 
(Kva° Lseth et al.1983). Kva° Lseth et al (1983) established that equation (7) is an appropriate 
measure of better precision for both linear and nonlinear models: 
 

                                              (7) 
 
Where 𝐺! are the fitted values obtained with the model, 𝐺̅ is the mean value of the 
experimental results, and G the experimental shear modulus obtained with the DMA test. 
Following this statement, a good fitting is determined by the closeness of R2 to 1.  



        

 
TABLE 4. Coefficient of determination R2 for the experimental degradation curves G/Gmax at confining 
pressures σ3=[3,5,10,30] kPa fitting with theoretical models. 
 

σ3 

Confining 
pressure Test 
(kPa) 

R2 

Fitting with 
Ishibashi and 
Zang (1993) 

Fitting with 
Santos and Gomes 
Correia (2001) 

Fitting with 
Oztoprak and 
Bolton (2013) 

3 0.6 0.7 0.6 

5 0.8 0.8 0.6 

10 0.8 0.9 0.9 

30 0.9 0.9 0.8 

 
The results show that Oztoprak and Bolton's (2013) model fit well with confining pressures 
higher than 10 kPa. In contrast, for lower confining pressure, the fitting decrease. Hence, the 
Oztoprak and Bolton model works better when a yield strain is evident, creating the need in 
future works to adapt the model for describing those materials under low confinement and 
with a minimal elastic range. However, Ishibashi and Zang (1993) and Santos and Gomes 
Correia (2001) still work for confining pressures σ3≥5kPa, as the adjustment coefficients are 
close to R2=0.8. Figure 10 shows the degradation curves fitting with the theoretical models. 
The theoretical results validate the experimental results. For example, the Ishibashi and Zang 
(1993) equation model directly relates the Gmax with the confining pressure, and this model 
presents the best fitting. Hence, these results demonstrate the capability of the DMA test to 
measure the dynamic shear modulus at low confining pressures. 
 

 
 



        

 
FIGURE 10. Degradation curves G/Gmax at confining pressures σ3= [3,5,10,30] kPa fitting with 
theoretical models.  
 

Besides the model agreement, the DMA methodology shows repeatability in the results. Each 
confining pressure was repeated three times. To evaluate the repeatability capability of the 
DMA, a correlation coefficient is calculated for each confining pressure. The correlation 
coefficient is a quantity that gives the quality of the least squares fitting to the original data 
(Weisstein 2006). The correlation coefficient is used to determine the degree of association of 
variables. In multivariate experimentation (e.g., with three variables), it is often desirable to 
choose one's experiment. A convenient way of summarizing many correlation coefficients is 
to put them in a single table, called a correlation matrix. The correlation of any variable with 
itself is necessarily 1. Thus, the diagonals of the matrix are the unity, and as the correlation is 
close to 1, the data is similar, and the test device has high repeatability (Asuero et al. 2006). 
The DMA results for each confining pressure present high correlation values (higher than 0.9), 
showing the DMA's repeatability capability. Table 5 shows the correlation matrix for each test 
and confining pressure. 

  



        

TABLE 5. The correlation coefficient for the three repetitions of the confining pressures σ3= 
[3, 5,10, 30] kPa 

3 kPa 5 kPa 

  Test 1 Test 2 Test 3   Test 1 Test 2 Test 3 

Test 1 1.00 
  

Test 1 1.00 
  

Test 2 0.97 1.00 
 

Test 2 0.98 1.00 
 

Test 3 0.98 0.92 1.00 Test 3 1.00 0.99 1.00 

10 kPa 30 kPa 

  Test 1 Test 2 Test 3   Test 1 Test 2 Test 3 

Test 1 1.00 
  

Test 1 1.00 
  

Test 2 1.00 1.00 
 

Test 2 0.99 1.00 
 

Test 3 0.98 0.99 1.00 Test 3 0.97 0.98 1.00 

 

Additionally, test series under confining pressures of σ3= [3, 5, 10,30] kPa present standard 
deviation (σ) lower than σ =0.17 for the degradation curve lower. Also, the degradation shape 
is preserved, showing an elastic range at the beginning and a transition at γ = 9×10-5, then the 
dynamic shear modulus degrades (see fig. 11). 

 
FIGURE 11. Test repetitions for shear modulus degradation curves for confining pressures of σ3= [3, 
5,10, 30] kPa. 



        

The reliability of the DMA results is measured with the reference results obtained by 
Molina_Gómez et al. (2020). In this research, a resonant column test was carried out on 
liquefied sand, on the TP-Lisboa sand with the same mean diameter as the Fontainebleau sand 
(D50=0.22mm). The Resonant Column (RC) test was carried out in dry sand with a relative 
density of Dr=0.3 for confining pressures in a range of σ3= [30-200] kPa (Molina_Gómez et al. 
2020). Figure 12 shows the comparison between the DMA results and the RC results for a 
confining pressure of σ3=30kPa obtained by (Molina_Gómez et al. 2020). The Fontainebleau 
has a higher degradation rate as it has less density than the TP-Lisboa sand. However, the 
results present standard deviations σ between the shearing strain levels lower than σ=15MPa 
in the shear modulus curve.  

 

 
FIGURE 12. Comparison between Fontainebleau sand tested in the DMA in dry condition with a 
relative density of Dr=0.2, and dry TP Lisboa Sand results using Resonant Column (RC) with a relative 
density of Dr=0.2. 

Damping ratio 

The repeated shearing on the sand sample produces an energy loss that is related to an 
accumulation of plastic strains (Kramer 1996). An alternative for accounting for this energy 
dissipation is the hysteretic loop area (see the shaded area in fig. 13B). Both energy loss and 
dissipation are associated with the soil damping ratio ξ by the equation (8): 



        

 

                                                         (8) 

 

where WD is the dissipated energy, WS is the maximum strain energy, and Aloop is the hysteretic 
loop area (Ishihara 1996 and Kramer 1996). 

In a swipe strain test, at a constant confining pressure, the inner hysteretic loop area increases 
by increasing γ, representing a more significant energy dissipation as the sand is degraded (see 
fig.  13). As shown in Figure 13, the material under low confining pressures (σ3=3 kPa) has a 
lower degradation of ξ comparing with higher confining pressures (σ3=30 kPa). The curve for 
σ3=3 kPa is less pronounced and falls between ξ =0.05 and ξ =0.11. However, the degradation 
is more significant for higher confining pressures (σ3=30 kPa) and initiates for γ>10-5. As shown 
in Figure 13, when the material is confined by σ3=30 kPa, the damping ratio curve has an 
upward pick after a strain level of γ=10-4. This behavior relates to the dynamic shear modulus 
degradation described in Figure 9. In contrast, for σ3=3 kPa, the sand degradation can be 
assumed to occur under low-shear strains without showing a clear elastic range. Therefore, the 
damping ratio increment for σ3=3 kPa is barely noticeable. Contrary, the damping ratio for 
σ3=10 kPa and σ3=30 kPa increases as the sand is degraded (see fig. 13). For σ3=5 kPa, the elastic 
range is seen slightly, but after a strain level of γ=10- 5 behaves like σ3=3 kPa. 

 
FIGURE 13. Damping ratio ξ at confining pressures of σ3= [3, 5,10, 30] kPa at a cycle frequency of 1 Hz. 
Inset: Hysteretic loops showing a definition of the elastic stored energy and dissipation energy.  

According to the theory for soil damping ratio (Delage et al. 2017, 2022), the results for 
σ3 =10 kPa and σ3 =30 kPa show an expected behavior, with the stiffness increasing as the 
confining pressure increases and the damping ratio presenting a symmetrical behavior with 
the shear strain. However, for σ3 =3 kPa, results show that the damping ratio increases linearly 



        

with strains, and the damping ratio is around 6% for low strains. This behavior constitutes a 
new finding of this study, which was observed thanks to the higher precision of the DMA 
under low confinements. The results show that using the DMA for sand allows the evaluation 
of the degradation curve in a wider strain range and the possibility to carry out tests at very 
low stress than the traditional methods. 

The damping ratio results are compared with the model proposed by Ishibashi and Zang (1993) 
(equation (2)). Figure 14 shows the comparison between the theoretical model and the 
experimental results. For σ3= [3,5,10,30] kPa, the coefficient of determination R2 obtained 
corresponds to R2 = [0.33,0.35,0.54,0.85], proving that the theoretical model fit with the 
experimental damping ratio for confining pressures higher than σ3≥30kPa, and highlight the 
limitations for a better precision fitting for lower confining pressures. 

 
FIGURE 14. The damping ratio results σ3= [3,5,10,30] kPa compared with the theorical model with a 
coefficient of determination R2=[0.33,0.35,0.54,0.85 

Conclusions 
To better understand the dynamic parameters of the surface layer of regolith at the InSight 
landing site on Mars, an investigation of the dynamic properties of a regolith analog made up 
of sub-rounded loose Fontainebleau sand was carried out under stress and strain ranges 
significantly lower than in current practice in terrestrial soil mechanics. For his purpose, a 
Dynamical Mechanical Analysis (DMA) tester was used to evaluate the dynamic mechanical 
properties (shear dynamic modulus G and damping ratio ξ) of a sand loose sample (Dr ≈ 0.2) 
submitted to confining pressures between σ3=3 kPa to σ3 =30 kPa at a frequency of 1 Hz. The 
experience shows that the DMA allows for high precision and good control of the shearing 
cycle. This characteristic allowed a better precision determination of the hysteretic loop. In 



        

addition, using the rheometer in the geotechnical field proved simple and better precision, 
allowing for evaluating the dynamic properties of a loose sand sample at very low confining 
pressures in a wider strain range compared to traditional methods and all within a single soil 
test. 

The results validated the new procedure, highlighting its ease of preparation, high precision, 
and versatile control of both frequency and amplitude. In addition, it was observed that the 
confining pressure controlled the shear modulus degradation, evidencing an elastic zone for a 
confining pressure of σ3=30 kPa and a total degradation at lower confining pressures, like σ3=3 
kPa. Each confining pressure was tested at least three times, with similar values of the 
maximum dynamic modulus for each test and similar curve shapes.  

The yield strain (an essential parameter of the shear degradation), clearly observed under high 
confining pressure, disappeared under low confinement. Further work is necessary to explore 
its link with the confining pressure in more detail. Also, the degradation rate and maximum 
shear modulus are related to the confining pressure. The material stiffness influences the soil 
damping. The damping ratio ξ increment for σ3=3 kPa and σ3=5 kPa is barely noticeable. 
Conversely, the damping ratio for σ3=30 kPa and σ3=10 kPa increases as the sand is degraded.  

The theoretical models can capture the modulus degradation curve when the material is 
confined at σ3=30 kPa, as a yield strain is evident. However, for a confinement pressure of 
σ3=3 kPa and σ3=5 kPa, the models do not slightly miss the range under low strains and do not 
have the best fitting. This evidence the need for adapting the model to low confining pressures 
in further works. As a result, a comprehensive analytical framework could be elaborated for 
describing the degradation curves under a wider range of confinement pressures.  

Finally, the new data obtained on the regolith analog must now be used in conjunction with 
the wave transfer at the surface of Mars to improve the analysis of the waves detected by the 
SEIS seismometer.  
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