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Abstract. Under loads up to 0.1-0.3 MPa, soils exhibit elastic properties. With increasing load, viscous, plastic, and
nonlinear properties of soils appear. Nonlinear properties of soils arise due to the micro-shattering of their structure under
compression. As a result, the physical and mechanical characteristics of soils (density, strain modulus, Poisson ratio, etc.)
change. In this article, from the results of experiments on loam compression obtained by other authors, changes in the soil
strain modulus are determined. The results of experiments on compression of clay samples are presented. From the
results of their processing, the values of the strain modulus of soil (loam) are determined. A numerical solution to the
nonlinear equation of state (law of strain) of soils is obtained for strain values known from the experiment, and the strain
modulus of clay is determined. A comparison of the values of the strain modulus obtained from the experimental results
and numerical calculations showed a good agreement.

INTRODUCTION

Numerous publications are devoted to the study of clay deformation. In [1], Grigoryan conducted research on the
stress-strain state of soils based on experiments. Rykov and Skobeev [2] measured stresses in soils under short-term
loads. The authors of this article conducted a large number of experiments with various types of soils, including
clays. However, numerical analysis was not performed due to technical restrictions. In this regard, no study of soil
deformation modulus was conducted. In [3], Balandin et al. conducted tests on clay with low moisture content to
find the parameters of the Grigoryan model of soil. The research was conducted using the PG-20 setup. These
experiments made it possible to determine the compressive strength of clay at different strain rates and to obtain
diagrams of experimental relationships between stresses and strains. Data analysis showed that the strain rate does
not have a significant effect on the deformation pattern. In [3], numerical results were obtained that were coherent
with the experiment when considering the dry friction coefficient. In [4], Eremeyev et al. conducted experiments on
clay with low moisture content under uniaxial loading. Eremeyev et al. realized the Split Hopkinson Pressure Bar
method. The strength of clay was determined using the Grigoryan model, and the parameters of this model were
determined using the Kolsky method. Based on numerical modeling, the results were compared with experiments
and their consistency was shown for a dry friction coefficient equal to 0.5. In [5], Konstantinov et al. presented the
results of experiments and numerical simulations of dynamic deformation of dry clay at strain rates of ~103 s-1.
Clay properties were determined using the Split Hopkinson Pressure Bar method. Based on the results of the
experiments, the dependencies of axial stresses on axial strains were plotted and, based on the data obtained, a
parametric identification of the clay deformation model was conducted in the form of the Grigoryan constitutive
relation. Good agreement was obtained between the numerical and experimental results.

Balandin et al. [6] presented a comprehensive experimental and theoretical approach to studying the problem of
high-speed deformation of soft soils. This approach combines the Hopkinson-Kolsky method and the method of
shock experiments on plane waves. This approach makes it possible to study high-speed deformation. In [7], Luo et
al. conducted tests on the dynamic compression of soil on the Hopkinson bar. The soil was a mix of dry clay and dry
stone sand. The effects of different clay/sand ratios and water content on the compressive behavior were
investigated. Compressibility was determined as a function of axial stress. The results obtained for this mix were
compared with pure clay and sand samples. Bian et al [8] showed the importance of considering the deformation
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modulus to quantify the subsidence of soft clays. Tang et al. [9] studied the relationship between pressure and
deformation of foundations built of gray clay. The influence of these factors on the deformation modulus was
revealed. Tang et al. applied their results to two engineering problems and the data obtained matched the actual
measured values, indicating its validity for practical application.

In [10], Pedroso et al. conducted an experimental study of a clay earth foundation with a plate loaded on it to
evaluate the deformation modulus after the compaction of layers. Under load, an increase in soil moduli was
recorded. Schuster et al. [11] studied the behavior of opaline clay fractions during 42 triaxial tests. The moisture
content of samples, compaction, and drainage were considered. The samples exhibited brittle behavior characterized
by cataclastic flow. The strength and Young's modulus of samples were close to the Reuss isostress limit. Fouad et
al. [12] conducted a study of the characteristics of road pavement materials. They studied the optimal clay content at
which high elastic characteristics and high resistance to plastic deformation under transport loads were maintained.
The deformation modulus was assessed during triaxial testing. Wang et al. [13] showed that in the presence of 20%
clay soils, the bearing capacity was reduced by 43%, and the deformation modulus was reduced by 31%. Li et al.
quantitatively assessed the influence of the clay fraction and fabric on the static elastic properties of soft clayey
rocks [14]. It was shown that with an increase in the clay fraction in soft clays, the deformation moduli decrease
since some of the non-clay minerals are replaced by clay-water composites. Kinslev et al. [15] showed that for a
reliable prediction of the occurrence of soil deformations over time, a detailed characterization of primary and
secondary deformations is necessary. To better characterize time-dependent behavior, a new index, the primary time
strain index, was defined

In [16], Lekstutyté et al. showed the influence of several factors on the soil deformation moduli, such as the
intensity of the applied load in drained or undrained conditions, characteristics of the stress-strain state, etc. Ma et al.
[17] indicated that with prolonged exposure to cyclic traffic loads, the accumulated deformation of red clay soil
increases, the strength decreases, and problems, such as non-uniform settlement, arise. The influence of cyclic stress
coefficients and compactness on the development of the dynamic modulus of elasticity of saturated red clay was
analyzed. The purpose of the study is achieved by conducting a series of dynamic triaxial tests. The model derived
by Ma et al. implements the prediction of the dynamic modulus of elasticity of red clay at an arbitrary time of cyclic
vibrations. This provides a theoretical basis for correctly assessing the dynamic stability of soil under cyclic loading.
Li et al. [18] proposed a tangent modulus method of undisturbed soil that is applicable to clays. Results obtained by
Li et al. show that the proposed method for determining the tangential modulus of soil is theoretically feasible, and
the accuracy of calculating the tangential modulus is significantly higher than that of the traditional compressive
modulus.

In [19], Wang et al. considered spatial variability using the Monte Carlo method for analyzing the influence of
spatial variability on time-dependent clay deformation. The authors of that article found that the uncertainty of creep
deformation would accumulate over time until it becomes constant. Hov et al. [20] considered the characteristics and
properties of clays using the example of Stockholm clays. As a result of the analysis, it was revealed that a common
feature of clays is the low value of undrained shear strength and, as a consequence, low values of yield strength and
odometer moduli. A great dependence of deformation moduli on moisture content is shown, which emphasizes the
importance of selecting soil samples for experiments. In [21], Wang et al. showed that clays exhibit different long-
term behavior at different cyclic stress ratios. The authors of [21] developed an improved plasticity model. A new
unified interpolation function for the plasticity modulus and a new damage coefficient were given. Wang et al.
compared results obtained with those available in the scientific literature and showed the adequacy of their
approach, which considered the behavior of soils. Wang et al. [22] examined the evolution of the elastic modulus
depending on stress using the example of the Nanjing metro. Laboratory experiments were conducted on soft clay
samples taken from the Yangtze River floodplain to determine the parameters of a rainforced soil model with small
strain stiffness and inverse analysis using the finite element method. The reference tangent module, the reference
secant module, the reference load and unload module, and the reference initial module were determined. Studies by
Wang et al. showed the importance of these parameters during the construction and operation of structures in soil.

In [23], Tang et al. showed the importance of studying the changes in the mechanical properties of clay from the
Zhanjiang Formation. Soil characteristics were studied during thixotropy using triaxial consolidation and drainage
tests. The results of the study [23] served as a guideline for calculating the strength and deformation thixotropy of
clays. In [24], Maltseva et al. considered the stress-strain state of foundations of buildings and structures made of
weak viscoelastic soils, the characteristics of which were determined experimentally. Maltseva et al. proposed a
calculation method that more accurately predicts the deformation of foundations made of water-saturated
viscoelastic soils than the solution for elastic and elastoplastic soils, in which pore pressure is not taken into
consideration. The method of Maltseva et al. is new because it allows us to consider the residual pore pressure and
viscoelasticity of soils simultaneously. In [25], Sabri et al. studies the properties of soils reinforced with fiberglass.
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The results were compared with theory. A comparison of the reinforced and reference soil samples showed a 25%
increase in deformation modulus after the reinforcement process at a pressure of 25 kPa. In [26], Ma et al. showed a
model for calculating the settlement of a soft clay foundation using Hooke's law and the Duncan-Chang model. The
authors of [26] presented a method for determining the deformation modulus of soil before and after damage under
load. Jia et al. [27] showed that increasing the elastic modulus of the foundation soil would reduce the vertical
deformation of the wall but increase the horizontal deformation. Hu et al. [28] investigated unsaturated compacted
silty clays using triaxial tests. Experiments showed that the elastic modulus increased monotonically with strain rate
at low confining pressures, but at high confining pressures, it first decreased and then increased. In [29], Guo et al.
studied the deformation behavior of soft clay under long-term cyclic loading. Based on the experimental results, two
equations were derived to predict the long-term elastic modulus.

Tiennot et al. [30] showed that clays influence stone properties at very low moisture content, whereas less
swelling clays have an effect only when high moisture content is reached. In [31], Sun studied the deformation of
saturated marine clay soils and showed the importance of conducting experiments. The mechanical characteristics of
soils and their definition in various soil structures are important, for example, when calculating loads on the sides of
a quarry [32]. The mechanical characteristics of soils are determined by various methods, for example, a quasi-static
nature of the deformation process is observed by solving the wave problem [33]. In [34], Sultanov et al. established
that the deformation moduli of clayey and loess soils under static and dynamic deformation vary depending on the
strain rate, the state of the structure and the level of compressive load. Based on an analysis of the stress-strain state
of soils in various sections, obtained by numerical calculations, in [35], Sultanov et al. obtained a condition under
which the influence of wave processes on the mechanical characteristics of soils was excluded. This condition
(formula) establishes a relationship between the wavelength, the velocity of wave propagation in soil, the thickness
of the soil sample in the setup, and the duration of dynamic load. In [36], based on an analysis of the results of a
numerical solution to the wave problem, Loginov et al. determined conditions for quasi-static deformation of soil
under dynamic loading in the experiment. By comparing the experimental results with numerical calculations and
the method of successive approximation, refined values of the mechanical characteristics of soils were determined
based on the elastoviscoplastic model of soil deformation [36].

In [37], Khamidov et al. established that the maximum values of stress, strain, and particle velocity in viscous
media vary according to a nonlinear law. In the initial region of the medium and near it, the stress first reaches a
maximum, and then the strains and particle velocities reach maximum values [37]. In the construction and operation
of buildings and the design of road pavements [38], the consideration of the possibility of seismic impact and the
account for the properties of soils are also important.

METHODS

Due to the metric scale effect, laboratory tests may not reflect the deformation of soil masses in field tests.
However, they can help save huge amounts of money. By studying changes in soil deformation moduli, we obtain
results that reflect the situation as a whole well.

Soil properties can be described by mathematical equations between the stress and strain tensors and time. These
equations are obtained from experiments. The experiment conducted considered the processes that occurred in soil
under deformation. Experimental laws take into account the fact that soils are complex in composition. The
experimental results show the non-homogeneity of samples. The point is that all properties inherent in soils are
considered in the experimental law of compression, i.e. dependence o(¢) reflects this.

In studying the process of nonlinear deformation of soils based on a generalized model of a standard linear body,
it is necessary to determine the deformation moduli and coefficient of internal friction (bulk viscosity) of soil.

There are two ways. First, we should formulate a mathematical statement to find a module through its
components. Here, we face many difficulties. When solving them, some simplifications are made.

The second way is to find modules through experimental diagrams. Here, all the properties for various
components are reflected in the curve, shown in the graph. This way is more accurate than the first. In this regard,
we choose the second way.

From graph o(¢) we can express Er (actual strain modulus) or E (secant strain modulus). To do this, we use
dependence o(¢).

To find Ej, o(¢) is divided into small sections with the same step 4& Then Ao are determined, which correspond
to A and Er=Ao/Ae The value of E is found as £ =0/, where o and ¢ are the stress and strain values.

To describe the process of soil compression, we propose a mathematical model in the form of a physically
nonlinear law of deformation of the standard linear body:
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do a de
mea THE o =5 T ree 1)
Let us approximate it in difference form
Oi+1-0; 0.5(0i41+07) _ Ei+1—&i ) )
Ep(g)at Es(s) 4t +0.5u(gir + &) 2)

Es(s), & are set from experimental data and viscosity modulus y is selected and accepted. Ep(s;) = 2Es(€).
The task is to correctly find the values of these soil characteristics using experiments. The following are the
results of the numerical solution.

RESULTS
Consider the second load curve shown in Fig. 47 in [1].
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FIGURE 1. Second curve in Fig. 47 from [1], the stress-strain dependence
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FIGURE 2. Change in the deformation modulus of clay under loading
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FIGURE 3. Stress-strain dependence. The program uses 7 points for calculation
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FIGURE 5. Change in the deformation modulus of clay under loading. The program uses 17 points for calculation
ANALYSIS

As seen from the above graphs, with an increase in the number of points from 7 to 17, almost complete
agreement between the experimental curves and the curves obtained from the program is observed. From
experiments, it can be noted that soil compression using dynamic loading setup UDN-150 or a similar device is a
difficult process. Note that by stress 6 we mean pressure P. This must be remembered, as 6=-P. In the graphs, the
minus in front of ¢ is omitted for simplicity. Using graphs of soil loading (experimental) and the graphs we
obtained, it is possible to determine the values of the mechanical characteristics of soils.

DISCUSSION AND CONCLUSIONS

The results analysis indicates that the curves effectively describe the process of soil compression. Graphs for
clays are presented based on a mathematical model in the form of a physically nonlinear deformation law of a
standard nonlinear body. The numerical analysis method of the mathematical model (2) demonstrates its reliability
compared to the experimentally obtained results.
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the manuscript after submission and peer review. The AM does not yet reflect any
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other standard formatting.
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the fields of physics, mathematics, computer science, quantitative biology,
quantitaive finance, and stalistics, which is owned and operated by Comell
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Commercial and noncommercial scholarly use: Noncommercial scholarly uses
are those that further the research process for authors and researchers on an
individual basis for their own personal purposes. They are author-to-author
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Collaboration Network).

Exclusive License to Publish: An exclusive license 1o publish is a written
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the work publicly, and to authorize others to do the same. The publisher does not
hold the copyright to the work, which continues to reside with the author. The terms
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work and help them to comply with requirements imposed by employers,
institutions, and funders.

Full Credit Line: AIP Publishing’s preferred format for a credit fine is as follows
(you will need o insert the specific citation information in place of the capital
letters): "Reproduced from [FULL CITATION], with the permission of AIP
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107, 021102 (2015).

Institutional repository: A university or research institution’s digital collection of
articles that have been authored by its staff and which are usually made publicly
accessible. As authors are encouraged and sometimes required to include their
published articles in their institution's repository, the majority of publishers allow for
deposit of the Accepted Manuscript for this purpose. AIP Publishing also aflows for
the VOR to be deposited 12 months after publication of the Work.

Joumal editorial office: The contact point for authors concerning matters related
to the publication of their manuscripts. Contact information for the joumal editorial
offices may be found on the joumal websites under the “About” tab.

Linking to the Version of Record (VOR): To create a link to your article in an AIP
Publishing joumal or proceedings, you need to know the CrossRef digital object
identifier (doi). You can find the doi on the article’s abstract page. For instructions
on linking, please refer t our Web Posting Guidelines at
hitips-//publishing aip org/authors/web-posting-quidelines.

National Laboratories: National laboratories are sponsored and funded by the
U.S. Govemment but have independent nonprofit affifiations and employ private
sector resources. These institutions are classified as Federally Funded Research
and Development Centers (FFRDCs). Authors working at FFRCs are not

considered U.S. Government employees for the purposes of copyright. The Master
Government List of FFRDCs may be found at hitp //www nsf gov/statistics/firddlist/.

Personal web page: A web page that is hosted by the author or the author’s
institution and is dedicated to the author's personal research interests and
publicalion history. An author’s profile page on a social media site or scholarly
collaboration network sife is nof considered a personal web page. (See also:
Scholarly Collaboration Network; Employer's web page).

Peer X-Press: A web-based ipt submission system by which authors
submit their manuscripts to AIP Publishing for publication, communicate with the
editorial offices, and track the status of their submissions. The Peer X-Press
system provides a fully electronic means of completing the License to Publish. A
hard copy of the Agreement will be supplied by the editorial office if the author is
unable to complete the electronic version of the form. (Conference Proceedings
authors will continue to submit their manuscripts and forms directly to the
Conderence Editors.)

Preprint. A version of an author's manuscript intended for publication but that has
not been peer reviewed and does not reflect any editorial input or publisher
enhancements.

Professional Publication Ethics: AIP Publishing provides information on what it
expects from authors in its “Statement of ethics and responsibilibes of authors
submitfing to AIP Publishing journals™ (hitp //publishing aip. org/authors/ethics). AIP
Publishing is also a member of the Commitiee on Publication Ethics (COPE)
(htip:publicationethics org/), which provides numerous resources and guidelines
for authors, editors, and publishers with regard to ethical standards and accepted
practices in scientific publishing.

Scholarly Collaboration Network (SCN): Professional networking sites that
facilitate collaboration among researchers as well as the sharing of data, results,
and publications. SCNs include sites such as Academia.edu, ResearchGate, and

Mendeley, among ofhers.

Supplementary Material: Related material that has been judged by peer review
as being relevant to the understanding of the article but that may be too lengthy or
of too limited interest for inclusion in the arficle itself. Supplementary Material may
indude data tables or sets, appendixes, movie or audio dips, or other multimedia
files.

U.S. Government employees: Authors working at Govemment organizations who
author works as part of their official duties and who are not able to license rights to
the Work, since no copyright exists. Government works are in the public domain
within the United States.

Version of Record (VOR): The final published version of the article as it appears
in the printed journal/proceedings or on the Scitation website. It incorporates all
editorial input, is formatted in the publisher's standard style, and is usually viewed
in PDF form.

Waiver: A request made to a university or institution to exempt an article from its
open-access policy requirements. For example, a conflict will exist with any policy
that requires the author to grant a nonexclusive license to the university or
mstitution that enables it to icense the Work to others. In all such cases, the Author
must obtain a waiver, which shall be included in the manuscript file.

Work: The "Work” is considered all the matenal that comprises the artide, indluding
but not limited to the abstract, tables, figures, images, multimedia files that are
directly embedded within the text, and the text itself. The Work does not include
the Supplementary Material (see Supplementary Material above).

Work Made for Hire: Uinder copyright law, a work prepared by an employee within
the scope of employment or a work that has been specially ordered or
commissioned for which the parties have agreed in writing to consider as a Work
Made for Hire. The hiring party or employer is considered the author and owner of
the copyright, not the person who creates the work.
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