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A micromechanical model for predicting the dynamic properties of loose dry sands
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ABSTRACT: Cyclic loading is characterized by load patterns applied at specific frequencies. It arises from natural events, such as
seismic activity, which generates wave propagation through the soil and induces cyclic shearing. Under such conditions, contact forces
between soil grains may shift and rearrange, allowing grain movement that can generate irreversible deformations. The dynamic
response of soil deposits is primarily governed by the shear dynamic modulus G, the damping ratio &, and soil density p. This research
focuses on the dynamic properties G and & of loose dry sand deposits, where low-density p and high void ratios e enhance particle
sliding and rearrangement. This research aims to improve the understanding of the dynamic properties of loose dry sands by analyzing
the degradation of G under cyclic loading. A novel micromechanical model based on Hertz—Mindlin theory is employed to simulate
shear modulus degradation, explicitly incorporating particle roughness and contact interactions. Experimental data from shear
rheometer tests on loose, dry sands are used to validate the model. The results show good agreement between experimental observations
and model predictions, including very low confining pressures (< 10 kPa), highlighting the model’s robustness and versatility.
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1 INTRODUCTION situation. The tests should replicate the initial stress and cyclic
loading conditions as closely as possible (Kramer, 1996).

The evaluation techniques can be, among others,
experimental and theoretical modelling. In the experimental
case, the combination of existing devices enables evaluation of
the soil's elastic and elasto-plastic behavior over the strain range
y=10"° to 1072. However, obtaining a single consistent
modulus—strain curve is not always possible due to differences
in loading setups, sample preparation, and strain measurement
methods (Villacreses et al., 2021; Chaparro-Lopez et al., 2023).
Therefore, using a single device capable of

This research uses the method developed by Chaparro-
Lopez et al. (2023), which applies a shear rheometer to perform
Dynamic Mechanical Analysis (DMA) on loose dry sand. This

Cyclic loading refers to uniform patterns applied at specific
frequencies (Ishihara, 1996). Human activities such as traffic,
wind acting on structures, construction processes, and
mechanical compaction generate cyclic stresses in the ground.
Natural sources, such as seismic events, also induce cyclic
loading, causing shear-wave propagation through soils and
leading to cyclic shearing (Wichtmann, 2016).

The dynamic response of soils to these loads depends on
their physical properties and initial conditions. In dry sands,
particle interactions occur primarily through direct contact
between grains, without the presence of water (Caicedo et al.,
2024; Zhehao, 2023; Huang et al., 2015). In such conditions,

the variation of stiffness with strain amplitude is a key aspect of . L .

. . . . technique enables the determination of dynamic parameters,
soil behavior (Seed and Idriss, 1971; Seed and Silver, 1972). like shear modulus G and damping &, across the strain range
Under relatively small strains, the dry sand stiffness remains —10°6 o o2 .

. . = to 10 under varying confining pressures
nearly constant, suggesting no significant changes between the (ie., 03< 10 kPa), making it suitable for evaluating the
inter-grain contact forces and, hence, no changes in the soil dyn;lmic_behavio; of surficial soil layers
fabric (Caicedo et al., 2024; Reddy, 2022). However, contact For theoretical modelling, a micromechanical model

forges ?ay ihlft and readrrange as ls t:a n {ncrease.%llea:/m_g Szlr:et developed by Caicedo et al. (2024) is employed. The model

gramns free {o move and accumuiafing Irreversivie strains tha assesses changes in shear modulus and damping ratio in loose

reduce soil stiffhess. This strain-dependent behavior changes . . c o iat
sands subjected to low confining stresses. This situation

with grain size, relative density, degree of saturation, L . - .
. . prevails in low-gravity conditions, where rugosity effects at
confinement pressure, and Poisson ratio, among others . L -
intergranular contacts are more significant. It is based on both

(SKraI.rtlver, 1119916; Caiicedo etd al., %024; P%bl§te et al,, 2015). the mechanical properties of the grains and the characteristics
pectfically, loose dry sands at low confining pressures are of the grain assembly, which is a step forward compared to

often associated with geotechnical processes like slope models that rely solely on fitting experimental results.
instability, tunnels with shallow overburdens, and geotechnical Caicedo et al. (2024) developed the contact theory model

strufc-tu_res subjeclt_;: d to statli ¢ 2(();1 Scyclic loading under low to assess the maximum shear modulus, building on the works
confining st'r?ss ( uang, etal, . ) . of Bachrach et al. (2000), Bahrami et al. (2005), and Butt et al.
. The soil's meche}mcal d.ynamlc prop ertlfes largely gontrql (2015). The Hashin—Shtrikman upper bound was then used to
its response to cyclic loading. Understanding dynamic soil combine two types of behaviors: one involving intergrain

lt)e}t1§1V1ort 1sh kpy to fe ngimeering pro(ti)lems.. The ls elect1or;t.0f slippage at the microscopic level and another accounting for
esting techniques for measuring dynamic soil properties shear strength localization.

requires careful consideration and understanding of the specific
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This research presents results for TP-Lisbon sand, a
uniform subangular sand with a mean diameter Ds50=0.2 mm,
obtained using the shear rheometer and modelled with the
micromechanical model developed by Caicedo et al. (2024).
First, the methodology is presented, including the material’s
physical and particle shape properties, followed by a
comparison of the experimental and theoretical results.

2 METHODS

The methodology includes selecting the material and
characterizing its roughness properties. The experimental
procedure is then described, followed by the formulation of the
theoretical model. The experimental methods follow Chaparro
Lopez et al. (2023), and the theoretical model follows Caicedo
et al. (2024).

2.1 Material

The experimental tests are carried out on dry sand, TP-Lisbon.
It has a uniform grain size distribution and a mean diameter
Ds50=0.2mm, maximum and minimum void ratio of enu=1.01,
emin=0.63 (Molina-Gomez, 2023) (see Figure 1-a). TP-Lisbon
is subangular sand with sphericity of 0.61 and roundness of 0.50
as shown in Figure 1-b, based on the shape chart from
Santamarina & Cho (2004). The shape parameters are obtained
using SEM images in the shape analysis procedure. These are
analyzed using a MATLAB algorithm by Zheng & Hryciw
(2015).
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Figure 1. (a) Grain Size distribution of TP-Lisbon. (b) Shape

parameter evaluation.
2.2 Experimental Setup

Rheometers that apply cyclic strains are known as Dynamic
Mechanical Analysis (DMA) testers (Villacreses et al., 2020).
The test involves applying a harmonic oscillatory angular strain
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with frequency and amplitude control while measuring the
required stress to maintain the harmonic motion and the sample
rotation with precisions of 10° 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.

For dry sands, the sand sample in the shear rheometer is
held on two metallic caps, tightened by two O-rings, and
enclosed by a handmade latex membrane. Initially, the piston
directly contacts the sample, and the membrane fits 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, as shown in Figure 2.
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Figure 2. Experimental Set-up.

The system device components have been designed especially
for this test. First, the hand-made latex membrane is made using
a rigorous process with a smooth wood mold and submerged in
liquid latex. The bottom and top caps are aluminum and match
the diameter of the rheometer pedestal. A rigid polyvinyl
chloride slice pipe supports the latex membrane while the sand
sample is being prepared. Table 1 shows the dimensions of the
shear rheometer components.

Table 1. System device components.
Component Dimensions Material
Bottom and Top Cap Diameter: 15 mm Aluminum
Diameter: 15mm,
Membrane thickness: 0.8 mm Latex
L . Diameter: 15mm,
Rigid slice pipe height: 45 mm PVC

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 to ensure
replicability across all samples. The DMA sample is prepared
within a latex membrane and encapsulated within a rigid, sliced
pipe. The sliced pipe determines the sample dimensions,
resulting in a 15 mm diameter sample. The space between the
pedestal and the piston restricts the sample height to 45 mm.
In order to evaluate the dynamic properties of the loose dry
sand, the DMA tests are conducted on the TP-Lisbon sand with
a relative density of D= 0.26 +/- 0.05, subjected to a strain
range of y=[10:10" 2] and maintain a constant shear strain rate



frequency of f=1 Hz over ten harmonic signals. A confining
pressure of 63=10 kPa was tested to evaluate the low confining
pressure.

2.3 Roughness Analysis

Surface roughness refers to the small-scale irregularities on a
particle’s surface, as illustrated in Figure 3-a. It can be
measured along a single profile or across a surface map
composed of multiple parallel profiles. Roughness is commonly
characterized by the root mean square height (R;), as shown in
Equation 1, where z is the height at point /, Z is the mean height,
and N is the total number of measured points. (Bhushan, 2013;
ASME, 2019).

(M

The value R, represents the statistical deviation of surface
elevations from a mean plane and captures the average height
of asperities (Bhushan, 2013; ASME, 2019). These asperities
influence the mechanical behavior at interparticle contacts by
modifying the actual contact area and reducing it.

In this study, asperities height is determined from Atomic
Force Microscopy (AFM) images obtained at the Microscopy
Laboratory of Universidad de Los Andes. The analysis uses
Gwyddion software to process the 3D surface scans. Roughness
is measured over the full area of each particle. The parameter
Rq is computed over the entire scanned area. The parameter Rq
is computed over the entire scanned area, giving a value of
0.3 pm. In the micromechanical model, this value is taken as
the asperity height, oms=0.3pm.

2.4 Theoretical Model

The primary objective is to model the results from the Dynamic
Mechanical Analysis (DMA) using the micromechanical model
developed by Caicedo et al. (2024). This model is based on
Hertz-Mindlin contact theory and incorporates the effects of
particle roughness at intergranular contacts.

The micromechanical model evaluates changes in shear
modulus and damping ratio in loose sands under low confining
pressures, conditions where rugosity effects become more
relevant. It relies not only on the intrinsic mechanical properties
of the grains but also on the configuration of the granular
assembly, which represents an improvement over approaches
that only fit experimental data.

To account for contact roughness, this study uses Atomic
Force Microscopy (AFM) images to estimate the height of
asperities in Fontainebleau and TP Lisbon sands. These
measurements are introduced as input parameters to adjust the
contact mechanics and stiffness in the theoretical formulation.
Following Bahrami et al. (2005) and Butt et al. (2015), the
model incorporates the reduction in stiffness caused by surface
asperities and considers intergrain sliding and shear strain
localization. The shear modulus considering the intergrain
sliding Gﬁ%)h) is obtained by Equation 2., where G]{é is shear
modulus for the volumetric proportion of grains that do not
experience localization, G,Lgs is the shear modulus for the
volumetric proportion of grains undergoing localization, { is
the volumetric proportion of grains that do not experience
localization, and Kz bulk modulus of the granular arrangement
considering the coordination number CN.
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3 RESULTS

The experimental results for o3 = 10 kPa are modeled using the
micromechanical formulation developed by Caicedo et al.
(2024), using material parameters derived from the
mineralogical, morphological, and mechanical characterization
of TP-Lisbon sand. According to Molina-Gémez (2023), the
sand consists of 78 percent quartz, 8 percent orthoclase, 8
percent muscovite, and 6 percent albite, a composition used to
assign a grain shear modulus of 30 GPa and a Poisson’s ratio of
0.12, consistent with published values for quartz-rich materials.

The microhardness of the asperities is set to 6.2 GPa, and
the average asperity height obtained from AFM measurements
is Oms = 0.3 pm. The model uses a micro-friction coefficient
p =0.23, following Caicedo et al. (2024), and a macroscopic
friction coefficient uM = 0.60, derived from a repose angle of
31°. The coordination number is estimated by combining two
approaches: the porosity-based relation CN x n~2.86 proposed
by Caicedo (2019), validated through datasets linking porosity
and coordination number (Fei & Narsilio, 2020; Park &
Santamarina, 2023; Wright et al., 2021), and the shape-based
expression by Wright et al. (2021), CN=1.88 S + 18.05 A +
2.64, which yields CN=5.2; averaging both provides a
representative coordination number for TP-Lisbon sand at
Dy = 0.26 and n = 0.47.

Using these inputs, the micromechanical formulation
reproduces the initial stiffness and captures the overall shape of
the degradation curve. At small strains (y < 10~), it matches the
experimental stiffness plateau and predicts the maximum shear
modulus with reasonable accuracy. Although the two
experimental repetitions exhibit some scatter, the model closely
follows the mean trend and reflects the progressive degradation
in stiffness associated with particle sliding and rearrangement.
The model slightly underestimates the shear modulus in the
intermediate strain range (107 <y < 1073), but it captures the
global response under low confining pressure. These results
highlight the importance of explicitly incorporating grain-scale
interactions and surface roughness into the formulation.
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Figure 3. Comparison between experimental results (two repetitions)
and micromechanical model prediction for TP-Lisbon.
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4 CONCLUSIONS

This study presents a micromechanical modeling approach
capable of predicting the degradation of shear modulus in loose
dry sands subjected to cyclic loading. The model incorporates
grain-scale parameters such as coordination number and



asperity height, which are estimated through SEM and AFM
imaging, respectively.

Results from DMA tests on TP-Lisbon sand show good
agreement with the model predictions under low confining
pressures. The model successfully reproduces the initial
stiffness and captures the degradation trend across several
orders of strain magnitude. Incorporating particle roughness
was key to achieving accurate predictions at small strains,
confirming the relevance of contact-scale parameters in
dynamic soil behavior. These findings support the use of
micromechanical models as a predictive tool for sands
subjected to low confining pressures.

5 ACKNOWLEDGEMENTS

The authors acknowledge the Universidad de los Andes for
supporting this research.

6 REFERENCES

Adam, D., Pistrol, J. & Hausenberger, A. 2018. Technische
Weiterentwicklung AHM. Vienna: TU Wien, Institut fir
Geotechnik.

Alshibli, K. & Alsaleh, M. 2004. Characterizing surface roughness and
shape of sands using digital microscopy. Journal of Computing in
Civil Engineering, 18(1), pp. 36-45.

ASME 2019. Surface Roughness, Waviness, and Lay: Basic Terms.
New York: American Society of Mechanical Engineers.

Bachrach, R., Dvorkin, J. & Nur, A.M. 2000. Seismic velocities and
Poisson’s ratio of shallow unconsolidated sands. Geophysics,
65(2), pp. 559-564.

Bahrami, M., Yovanovich, M.M. & Culham, J.R. 2005. A compact
model for spherical rough contacts. Journal of Tribology, 127(4),
pp. 884-889.

Bhushan, B. 2013. Introduction to Tribology. 2nd ed. Hoboken: Wiley.

Butt, S.U., Antoine, J.F. & Martin, P. 2015. Simplified stiffness model
for spherical rough contacts. Tribology — Materials, Surfaces &
Interfaces, 9(2), pp. 63-70.

Caicedo, B. 2019. Geotechnics of Roads: Fundamentals. Boca Raton:
CRC Press.

Caicedo, B., Villacreses, J., Caro, S. & Yépez, F. 2024. A
micromechanical model for estimating the shear modulus and
damping ratio of loose sands under low stresses: application to
Mars regolith simulant. Géotechnique, 75(3), pp. 379-392.

Cataldo, R.A., Leite, E.P. & Mattos, N.H.S. 2022. Impact of mineralogy
on rock physics modeling: a Brazilian pre-salt case study. In: SEG
International Exposition and Annual Meeting. Houston: SEG.

Chaparro Lopez, M., Caicedo, B., et al. 2023. Dynamic mechanical
analysis test for evaluating loose sands on a wide strain range—
application to the InSight Mission on Mars. Geotechnical Testing
Journal, 46(6), pp. 901-920.

Cherif Taiba, A., Mahmoudi, Y., Belkhatir, M. & Schanz, T. 2018.
Experimental investigation into the influence of roundness and
sphericity on the undrained shear response of silty sand soils.
Geotechnical Testing Journal, 41(6), pp. 0149-6115.

Eichenlaub, S., Gelb, A. & Beaudoin, S. 2004. Roughness models for
particle adhesion. Journal of Colloid and Interface Science, 280,
pp. 289-298.

Fei, W. & Narsilio, G. 2020. Impact of three-dimensional sphericity and
roundness on coordination number. Journal of Geotechnical and
Geoenvironmental Engineering, 146(2), p. 06020025.

Gwyddion. n.d. Statistical Analysis — Chapter 4: Data Processing and
Analysis. Available at: https://gwyddion.net/documentation/user-
guide-en/statistical-analysis.html (Accessed: 8 February 2025).

Huang, Y., et al. 2015. Mechanical behavior of clean sand at low
confining pressure: verification with element and model tests.
Journal of Geotechnical and Geoenvironmental Engineering,
141(6), p. 06015005.

TA Instruments. 2006. Rheometer: Rheometric Series Operator’s
Manual. New Castle: TA Instruments.

Irfan, M., Cascante, G., Basu, D. & Khan, Z. 2020. Novel evaluation of
bender element transmitter response in transparent soil.
Géotechnique, 70(3), pp. 187-198.

1628

Ishihara, K. 1996. Soil Behaviour in Earthquake Geotechnics. Oxford:
Clarendon Press.

Kramer, S.L. 1996. Geotechnical Earthquake Engineering. Upper
Saddle River: Prentice Hall.

Crystran Ltd. n.d. Crystal Quartz (SiO:) Material Properties. Available
at:  https://www.crystran.com/optical-materials/crystal-quartz-
sio2 (Accessed: 8 February 2025).

Molina-Goémez, F.-A. 2023. Liquefaction resistance assessment of the
TP-Lisbon sand: experimental evidence and physical modelling
validation. PhD thesis. Universidade do Porto, Porto.

Molina-Gémez, F., Viana da Fonseca, C., Ferreira, C. & Camacho-
Tauta, J. 2020. Dynamic properties of two historically liquefiable
sands in the Lisbon area. Soil Dynamics and Earthquake
Engineering, 132, p. 106101.

Pabst, W., Gregorova, E., Rambaldi, E. & Bignozzi, M.C. 2015.
Effective elastic constants of plagioclase feldspar aggregates in
dependence on anorthite content: a concise review. Ceramics—
Silikaty, 59(4), pp. 326-330.

Park, J. & Santamarina, C. 2023. Sands subjected to repetitive loading
cycles and associated granular degradation. Journal of
Geotechnical and Geoenvironmental Engineering, 149(11), p.
04023111.

Poblete, M., Wichtmann, T., Niemunis, A. & Triantafyllidis, T. 2015.
Caracterizacion ciclica multidimensional de los suelos no
cohesivos. Obras y Proyectos, 17, pp. 31-37.

Reddy, N.S.H.H. & Sitharam, T.G. 2022. DEM analysis of small and
small-to-medium strain shear modulus of sands. Computers and
Geotechnics, 141, p. 104518.

Rio, J.F. 2006. Advances in Laboratory Geophysics Using Bender
Elements. PhD thesis. University College London, London.
Santamarina, J.C. & Cho, G.C. 2004. Soil behaviour: the role of particle
shape. In: Proceedings of the International Conference on Soil
Mechanics and Geotechnical Engineering. London: Thomas

Telford, pp. 604-617.

Sarkar, D., Goudarzy, M., Kénig, D. & Wichtmann, T. 2020. Influence
of particle shape and size on threshold fines content and limit
index void ratios of sands containing non-plastic fines. Soils and
Foundations, 60, pp. 621-633.

Schon, J.H. 2015. Physical Properties of Rocks: Fundamentals and
Principles of Petrophysics. 5Sth ed. Amsterdam: Elsevier.

Seed, H.B. & Idriss, .M. 1971. Simplified procedure for evaluating soil
liquefaction potential. Journal of Soil Mechanics and Foundations
Division, 97(9), pp. 1249-1274.

Seed, H.B. & Silver, M.L. 1972. Settlement of dry sands during
earthquakes. Journal of Soil Mechanics and Foundations
Division, 98(4), pp. 381-397.

Terzaghi, K. 1925. Erdbaumechanik auf Bodenphysikalischer
Grundlage. Vienna: Deuticke.

Villacreses, J., Caicedo, B., Caro, S. & Yépez, F. 2020. A novel
procedure to determine shear dynamic modulus and damping ratio
for partially saturated compacted fine-grained soils. Soil
Dynamics and Earthquake Engineering, 131, p. 106029.

Whitney, D.L., Broz, M. & Cook, R.F. 2007. Hardness, toughness, and
modulus of some common metamorphic minerals. American
Mineralogist, 92(2-3), pp. 281-288.

Wichtmann, T. 2016. Soil Behaviour under Cyclic Loading:

Experimental ~ Observations, Constitutive Description and
Applications. PhD thesis. Karlsruhe Institute of Technology,
Karlsruhe.

Wright, V., Ferrick, A., Manga, M. & Sitar, N. 2021. Coordination
numbers in natural beach sand. EPJ Web of Conferences, 249, p.
11008.

Yan, W.M. & Zhang, L. 2013. Fabric and critical state of granular
materials. In: Proc. 18th International Conference on Soil
Mechanics and Geotechnical Engineering. Paris, pp. 457-460.

Yasuhara, K. & Hirao, K.H.A. 1992. Effects of cyclic loading on
undrained strength and compressibility of clay. Soils and
Foundations, 32(1), pp. 100-116.

Zhehao, Z. 2023. Influence of fine particles on the properties of sand
liquefaction. Géotechnique. Ecole des Ponts ParisTech.

Zheng, J. & Hryciw, R. 2015. Traditional soil particle sphericity,
roundness and surface roughness by computational geometry.
Géotechnique, 65(6), pp. 494-506.

Zhupanska, O. 2011. Contact problem for elastic spheres: applicability
of the Hertz theory to non-small contact areas. International
Journal of Engineering Science, 49, pp. 576-588.



