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Abstract: This work presents a method to determine the plasticity of clay soils using Fourier transform
mid-infrared (FT-MIR) spectroscopy. Samples of mono- and polymineral soils of varying water
contents are studied. The FT-MIR results are compared with the results obtained from standard
Russian and international methods for the plasticity range. The correlation between the consistency
of clay soils, when displaying their plastic properties, and the position of the Si-O stretching band
in the FT-MIR spectra is established. The possibility of, and interest in, determining the plasticity
characteristics of clay soils using mid-infrared spectroscopy is demonstrated: it yields effectively
higher precision results compared to standard test methods. It is shown that the method of IR
spectroscopy allows the fixing of the start and the completion of the series of “phase transitions” of
the soil in the plastic and liquid state. The significant effect of the concentration of non-clay minerals
on the S5i-O v line is that a moisture content curve is noticed, which may help to predict the clay
content of the soil without undertaking XRD analysis.

Keywords: soil; clay minerals; plasticity; plastic limit; liquid limit; infrared spectroscopy

1. Introduction

Plasticity is one of the key indicators most widely used in the classification of clay soils and in
determining their properties [1]. This characteristic largely determines many technological processes
of constructing geotechnical structures as well as the manufacture of ceramic products [2].

In engineering and geological studies, it is a common practice to use as plasticity indicators the
values of water content that correspond to the transition of soils from the solid state to the plastic
state (plastic limit—PL) and from the plastic state to the liquid state (liquid limit—LL). The interval of
moisture content between the plastic and liquid limits gives the plasticity index (PI), which is used as
an indicator in soil classification. The plasticity characteristics are used to analyze the engineering and
geological conditions of the construction site with conclusions about the suitability of soils composing
the compressible thickness at the base of the foundations. The plastic and liquid-plastic states of the
soil make it unsuitable for construction purposes. If the total moisture capacity of the soil exceeds its
moisture content at the yield point, this indicates that the soil is not suitable for construction purposes
with potential flooding of the area [1]. Plasticity enables the possibility of molding for various ceramic
materials and products. In particular, for the production of building ceramic products, moderately
plastic clays are usually used. Low-plastic clays are poorly formed, and clays crack during drying and
require the use of lean additives [2].

The methods for the determination of plasticity characteristics of soils are regulated in the Russian
Federation by the state standard GOST 5180 [3]. According to this standard, the moisture at the liquid
limit (W) corresponds to the condition that the respective soil paste allows dipping for a balance cone
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of a certain size and mass. In the international standard ISO/TS 17892-12 [4], the cone is also used,
but it has different parameters and dipping depths; the standard ASTM D-4318 [5] uses the Casagrande
apparatus and associated routine. The latter method is based on the determination of the correlation
between the moisture of a soil sample and the number of concussions required of a cup with the soil
paste against the brass base to the lengthwise v-shaped cut made in the soil paste. The amounts of
fractions for analysis are also different for different methods. As for the measurements of the lower
plastic limit, under current standards, they are performed with identical procedures; by the Russian
state standard GOST 5180 [3], the value of the moisture at the plastic limit (Wp) is determined as the
water content at which the soil paste, being rolled into a cylinder, loses its connectedness and falls into
separate fragments of certain size. The difference in the methods for measuring the Wp and PL values
is only in the amount of the analyzed fraction and in the admission of using a special device to roll the
soil paste into a cylinder.

The existing routines for evaluating soil plasticity described above are based on traditional
methods (GOST 5180 [3], ISO/TS 17892-12 [4], ASTM D-4318 [5]) and are labor-intensive. They are
also characterized by low reliability of the results obtained, and are not always objective due to the
changeability of soils and the ambiguity of procedures. For example, the disadvantage of the standard
methods for determining the plastic limit stems from the high labor-intensiveness of manifold manual
rolling of analyzed soils into cylinders and the low reliability of the results, since it is impossible to
ensure precise control over the measurement of rolled cylinder sizes. Thus, one experimenter’s results
might not match exactly that of others. Experimenters may indeed roll the soils with the application of
different forces, and this fact highlights the subjective character of the obtained values of PL (or Wp).
Additionally, the surface and the inner parts of a sample rolled into a cylinder can have different water
contents, and this can lead to mistakes in determining the plastic limit. The use of special devices to
roll soils into cylinders often gives lower values of the plastic limit as compared to manual rolling.
When determining the liquid limit, the reliability of results is significantly influenced by the speed
of dipping the balance cone into soil paste. The balance cone falling onto a soil paste sample has an
impact-type effect on it, which can increase the resulting value of the liquid limit, especially for clays
with high water content at liquid limit. In addition, it is quite difficult to meet the condition of cone
dipping (e.g., to the depth of 10 mm for 5 s) as it is prescribed in the procedure. The disadvantage of the
method is also the need to choose the moisture of soil, which enables satisfying a prescribed condition
of soil transition to liquid state by preparing an uncertain number of samples. A specific feature of the
Casagrande method is its labor-intensiveness, the dependence of the results on human factor caused
by the impossibility of ensuring equal force and speed when shaking the cup with the soil sample, and
the long time needed for measurements, which is also caused by the necessity to prepare an uncertain
number of samples until the desired soil consistency meeting the method’s demands is reached.

Besides the standard methods for the determination of clay soil plasticity that are traditionally
used in engineering studies, there are also other instrumental methods using different types of
rheometers [6,7], penetrometers [8-10], as well as methods based on measuring the relation between
applied force and the resultant deformation [11-13]. These methods are explicitly described and
analyzed in recent reviews by Andrade et al. (2011) [7] and Haigh and Vardanega (2014) [14].
These methods are based on a phenomenological concept of the nature of plasticity, and they often
give contradictory results. When comparing plasticity constants obtained by different methods for
the same clay, one cannot always obtain identical results. Nevertheless, these methods ensure, beside
plasticity characteristics, measuring of such important parameters as the elasticity modulus, peak
strain, breaking strength, and can also be used for practical purposes keeping in mind the type of the
analyzed material (ceramic raw materials, soils etc.) and the objectives of studies.

The principal disadvantage of the currently used methods based on empirical correlations [14-16]
comes from the fact that the equations for the relationship of PL and LL with certain physical
parameters are statistical in character. Consequently, these empirical correlations cannot be extended
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to clay soils of diverse composition and genesis where the plasticity of clays is considerably dependent
on their mineral, chemical and granulometric composition [17-21].

The existing standard methods for the determination of clay soil plasticity have been widely
used for a long time. However, in view of the disadvantages mentioned above, they cannot be relied
on as the only characterisation tool. It is therefore necessary to develop new precise methods for
the objective evaluation of the clay soil plasticity. Such approaches can be developed on the basis of
modern advanced physical methods to study the structural characteristics of clay soil materials and
their phase compositions.

In the studies of the interaction of the clay particles with water molecules, preference should
be given to experimental methods which do not require a vacuum environment because this could
lead to changes of the initially attributed value of the sample moisture. One such method is Fourier
transform infrared spectroscopy (FTIR) in the mid-infrared region (MIR) which analyzes the radiation
in the range of 3-50 um. Note that the penetration depths into a sample run characteristically from
0.1 A to several A for such radiation. In contrast, kaolinite particles vary in size from 0.1 to 20 pm [22],
and smectite particles vary in size from 0.1 to 2 um, such that the average particle size is about
0.5 pm [23,24]. Thus the method of infrared (IR) spectroscopy allows investigating the processes in
several layers of clay particles. The energy and the intensity of the IR spectrum lines depend on the
properties of the atomic groups that form the structure of the clay particles. The variation of these
spectral values with changes of the sample moisture can be a measure of the interaction of the absorbed
water molecules with the surfaces, and therefore, a measure of the variation of the interaction between
the clay particles themselves.

The infrared spectroscopy method in near- and mid-infrared regions has appeared to be an effective,
quick and relatively cheap instrument for analyzing and predicting soil properties [25,26]. In particular,
numerous studies have revealed that infrared spectroscopy can be applied as a non-destructive method
enabling simultaneous assessment of several soil compositional constituents and soil quality attributes.
Assessment can be done with acceptable accuracy and within a short period of time [27,28]. There are
papers displaying the possibility of applying MIR spectroscopy to predict hydraulic properties [29].
A number of authors have revealed that MIR spectroscopy can hold promise when determining and
predicting physical properties of soils that are interrelated with surface area and solid composition
such as texture, clay content, specific surface area and air-dry moisture content [30,31]. Minasny et al.
(2008) [32] exposed that MIR spectroscopy can predict soil physical and mechanical properties that
are characterized by surface and solid composition, such as particle-size distribution. In the same
paper, the authors revealed with the help of MIR that physical and mechanical properties can be
related back to the fundamental soil properties such as clay content, carbon content, cation exchange
capacity and bulk density. Kariuki et al. (2003) [33] discovered a correlation between the asymmetry
of spectral absorption features at 1400 and 2200 nm and cation exchange capacity and soil activity
(plasticity index/clay content). Waruru et al. (2014) [34] utilized near-infrared spectroscopy together
with PLS (partial least squares regression) to rapidly estimate key soil engineering properties, including
cation exchange capacity, swelling ability parameter, shrinkage factor and plasticity. Nevertheless, this
approach implies a combination of spectroscopy with PLS using a number of calibration libraries.

The most discussable issues formation mechanism and the elaboration of an effective and accurate
method of determining plasticity limits for civil engineering. This paper considers the possibility of
the application of mid-infrared spectroscopy for revealing the mechanism of plasticity formation and
determining the criteria of structural phase transition of soils into solid, plastic and fluid states.

Infrared spectroscopy is a versatile physical-chemical method which is applied for studies of
structural features of various organic and inorganic compounds. In particular, this method allows us
to investigate the behavior of the Si—O stretching oscillation of tetrahedral layer of the clay minerals
crystal lattice as a function of water content. [35]. IR spectroscopy enables us to obtain information on
relative positions of molecules within a very short period of time, as well as to evaluate the nature of
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interactions between them. This issue is of fundamental importance in studies of structural and phase
properties of various rock-forming clay minerals. This is the reason for using it in this work.

2. Materials and Methods

2.1. Samples

We studied different soil samples including those of clay minerals of different types.
As a monomineral sample (M1), we have chosen one of the most common rock-forming clay
minerals—kaolinite (Glukhivtsi deposit, Kozyatyn area of Vinnitska region, Ukraine).

To study the influence of the mineral composition of clay soils on their plasticity characteristics,
we studied polymineral clay soils taken from the objects of the North-Caucasian railway track facilities,
a branch of the JSC “Russian Railways”: railway embankment at the 56th km of Likhaya-Morozovskaya
track section (M2), landslide slope at the 1919th km of Lazarevskaya—-Chemitokvadzhe track section
(M3—surface deposit soil, M4—main bottom soil), railway embankment at the 1206th km at Kiziterinka
station (M5), clay for technical application from Millerovo deposit (M6). The choice of the number of
samples and their compositions is conditioned by their wide occurrence in nature and their intensive
use in the construction of railway roadbeds in the south of Russia. To clarify the character of the
interaction between water and polymineral samples in the process of hydration, we also studied a 1:1
combination of kaolinite and the soil taken from the Millerovo deposit (M7).

2.2. X-ray Diffraction (XRD) Analysis

The mineral composition of the soil samples was determined by X-ray diffraction using the
diffractometer Ultima-IV by Rigaku Corporation, Tokyo, Japan (Operator: V.V. Krupskaya, Belov
Laboratory of Mineral Cristallochemistry, Institute of Ore Deposits, Petrography, Mineralogy and
Geochemistry, Russian Academy of Science). The measurements are carried out under normal
conditions in Bragg geometry using Cu Ka radiation, a graphite monochromator, and nickel filter,
under the operational mode of 40 kV-40 mA. The non-oriented bulk samples were run in the 3-65°
20 interval with a step size of 0.02° 20 and a counting time of 2 s per step. The <2 um grain-size
fractions were separated by settling an aqueous suspension the samples and oriented slides were
prepared by the pipette-on-slide method. Oriented samples were analyzed under three different
conditions: in air-dry condition, after calcinations at 550 °C, and after saturation with ethylene glycol
during 24 h in a desiccator. The saturation with ethylene glycol and heating treatment are employed
to identify the minerals of the smectite group in the samples. The use of this technique makes it
possible to clearly determine the occurrence of minerals of this group due to their ability to yield
intra-crystalline swelling.

Clay minerals are identified from diagnostic hkl reflections of the XRD patterns of oriented
samples. Non-clay minerals are identified from diffraction data of a randomly oriented aggregate of
the bulk sample using the ICDD PDF-2 database and Jade 6.5 software, MDI, Livermore, CA, USA.
Quantitative phase analysis (QXRD) was performed using the method for full-profile processing of
XRD patterns from non-oriented samples and RockJock software, U.S. Geological Survey, Reston,
VA, USA [36]. The X-ray diffraction intensities extracted from the XRD files using Jade software
have been entered into the RockJock program and the mineral composition has been calculated.
RockJock determines the quantitative content of the minerals in powdered samples by comparing the
integrated reflection intensities of individual minerals with the intensities for pure standard minerals
and an internal standard (corundum). Well-crystallized zincite (ZnO—10%) has been used for a
corundum. Introduction of an internal standard is a necessary step when studying amorphous and
poorly crystallized phases. This method, which is a modification of the Rietveld method [37,38] and
RIR method [39,40], has shown good results in quantitative analysis of multicomponent mineral
samples and natural combinations [41,42].
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2.3. FI-MIR Spectroscopic Analysis

The IR spectroscopic analysis is carried out with an FTIR spectrometer ALPHA, Bruker
Corporation, Billerica, MA, USA, using the attenuated total reflectance (ATR) technique. The examined
samples are preliminarily crumbled in a porcelain mortar and passed through a 1 mm. The IR spectra
are recorded in the middle infrared range, from 500 to 4000 cm ! using OPUS software, Bruker,
Billerica, MA, USA. The natural surface of the samples placed on the ZnSe crystal is studied for a
contact area of 19.6 mm?. For each measurement used, three samples were studied independently.
The recording mode was characterized by a 2 cm™! resolution and 25 scans for each spectrum.
These recording parameters was chosen as a reasonable compromise, they effectively allowed both the
study of the spectra fine structure and the preservation of given water contents in the sample in the
course of measurement.

Soil samples of a given desired moisture content were prepared by adding appropriate amounts
of water into preliminarily dried samples, followed by mechanical mixing so that soil moisture
was distributed uniformly in a hermetic container. To achieve repeatability of the result and to
reduce the impact of random errors, a sample of the specified humidity was prepared three times.
The procedure for measuring the IR spectra was carried out independently for each prepared sample
immediately after placing the sample on the surface of the measuring crystal plate of the spectrometer.
Three measurements were taken on each sample. Each portion of the test sample was loaded into the
instrument for measurements once. The final result of the measurement was taken as the arithmetic
mean of three parallel determinations performed under repeatability conditions.

The relative measurement errors were respectively 2.5% for the intensity of spectral lines and
1.5% for their positions, over the entire range of the wavenumbers.

2.4. Plasticity Measurements

The plasticity characteristics of the analyzed soil samples are determined according to standard
procedures described in GOST 5180 [3], ISO/TS 17892-12 [4], and ASTM D-4318 [5].

3. Results

3.1. Mineralogical Compositions

The degree of plasticity is affected by a number of factors, including mineral composition, degree
of dispersion, structural features, etc. [43]. Plasticity usually increases with an increase in the amount
of clay minerals in the clay composition. The mineral composition of soils affects the magnitude
of plasticity by a combination of a number of factors. Studies conducted by Mitchell and Soga
(2005) [44] on samples of mono-mineral clays show that the plasticity of soils is greater in the case
when the clay fraction contains minerals of the montmorillonite group and less when the kaolinite is
contained. The increase in plasticity in the presence of minerals of the montmorillonite group in clay
is associated with a significant increase in the dispersion and hydrophilicity of this type of minerals.
Differences in the mechanisms of hydration of individual clay minerals are mainly determined by
their crystal-chemical characteristics. Thus, for an interpretation of the regularities in the formation of
plasticity and clay soils, an important stage is the quantitative analysis of their mineral composition.

The mineral composition of poly-mineral samples is determined using the pattern from
non-oriented bulk samples (Figure 1). However, to calculate the mineral composition at the first stage,
we analyzed the composition of clay minerals in the <2 um fraction. The results of the diagnostics of
the oriented samples are shown in Figure 2.

The XRD patterns of oriented preparations revealed the presence of mixed-layer clay minerals
(MLM) in samples M2, M5. However, even the most accurate contemporary QXRD mineral
analysis of rocks is capable of measuring only the total 2:1 (1:1) clay minerals (i.e., the sum of
illite (kaolinite) + MLM minerals) [38,45]. The relative amount of mixed layers of illite-smectite
and kaolinite-smectite has been estimated from the intensity and changes in peak positions of their
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reflections in the XRD patterns from oriented preparations following the method of Moore and
Reynalds (1989) [46]. Identification of the MLM is made for the case of a clay mineral as a regularly
interstratified species [47]. For example, smectite layers are expected to swell to ~1.7 nm with ethylene
glycol and to collapse to ~1.0 nm on heating, while illite layers remain stable.
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Figure 1. Diffractograms of bulk samples. Lines from internal standard are marked red.

In such a manner, we determined as a swelling phase the MLM minerals of kaolinite-smectite
and illite-smectite series in sample M2. Kaolinite-smectite was detected by the reflections under the
saturated condition: 15.1, 7.9 A (Figure 2); disordered illite-smectite by a significant change of the
10.0 A line profile (in the range of 10 A to 10.6 A). The change of the 10.0 A and 3.32 A reflection
positions for illite after saturation with ethylene glycol is evidence of the occurrence of illite-smectite
with a richer quantity of smectite. After heating, the kaolinite component in the MLM mineral is
destroyed, and the smectite component shifts to 10.6 A. Both quartz and illite prevails in the sample,
as well as in MLM illite-smectite and kaolinite-smectite series representing more than 80%.

The positions of reflections of different orders in sample M3 after saturation with ethylene glycol
are 17.0 A—(001), 8.5 A—(002), 5.5 A—(003) (Figure 2). The behavior of the pattern of sample M3 is
identical to that of sample M4, where the smectite reflections shift to small angles upon saturating
the sample with ethylene glycol. For this case, the positions of the reflections of different orders
17.0 A—(001), 8.5 A—(002), 5.5 A—(003) are stable in sample M4. After heating, the smectite reflections
shift to the illite ones. Sample M3 in the highest concentrations contains kaolinite and smectite clay
minerals. At the same, time the prevalence of calcite is observed in sample M4. In sample M5, we found
the dispersed phases of MLM illite-smectite minerals with low content of smectite component (16-18 A)
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from the change of position of the basal reflections of clay minerals after saturation with ethylene
glycol (Figure 2). After heating, the smectite reflections collapse to the illite ones. Content of non-clay
mineral quartz prevails in this sample (~50%).
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Figure 2. XRD patterns of the clay fractions of soil samples (notations: s—smectite, i—illite, k—kaolinite,
i/s—illite—smectite, k/s—kaolinite—smectite, q—quartz, cl—clinoptilolite, h—halite, d—dolomite

and c—calcite).

In sample M6, after saturation with ethylene glycol, the smectite reflections shift to small angles
(Figure 2). At the same time, the positions of reflections of different orders 17.6 A—(001), 8.6 A—(002),
5.7 A—(003) remain the same. Heating resulted in the dehydration of smectite interlayer spaces and
the elementary layers came closer to each other, and this can be seen from the shifting of the main
basal reflection of the mineral to greater angles, and its overlapping with the illite 10 A reflection.
The occurrence of kaolinite in sample M6 is detected from the characteristic series of reflections,
7.2 A—(OOl), 3.57 A—(OOZ), 2.39 A—(OOS), whose positions do not change after saturation with
ethylene glycol. The main components of this sample are the following: quartz (~35%), clinoptilolite
(25%) and MLM kaolinite-smectite minerals (~22%).

The concentrations of the minerals in analyzed soil samples and the soils’ plasticity indexes are
presented in Table 1.

The results of the analysis of mineral concentrations in the studied soil samples show that quartz
prevails among non-clay minerals in the samples M2, M3, M5 and M6 with the most intense reflections,
4.25 A—(001), 3.34 A—(002). For the sample M4 the following series of reflections is observed: calcite:
3.03 A—(001), 2.28 A—(002), 1.91 A—(003), 1.87 A—(004), giving the greatest contribution to the
diffraction spectrum of the soil sample.
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Table 1. Mineral composition and plasticity characteristics of soils.

90of 18

. o . o Plasticity

Sample Non-Clay Minerals (wt %) ¥ Nlon-Clay Clay Minerals (wt %) Z. Clay Characteristics

Number Minetals Tllite-Smectit Kaolinite Smectite (o)’ We/PL  Wy/LL

Quartz Feldspar Albite Calcite Dolomite Clinoptilolite (wt %) Kaolinite  Illite ! el:/[LHICZC 1€ Smectite ao mlt/[i—Mmec e (wt %) (wl; %) (th %)

M1* 3 - - - - - 3 97 - - - - 97 26.0/28.6  46.3/47.7
M2 31 - 7 1 trace - 39 7 20 17 5 12 61 17.8 61.4
M3 18 3 2 7 - - 30 20 8 - 42 - 70 23.9 81.5
M4 4 - 3 80 - - 87 - 3 - 10 - 13 16.1 33.6
M5 48 2 5 - 2 - 57 8 10 20 5 - 43 16.1 33.4
M6 * 35 2 3 - - 25 65 4 9 - 22 - 35 17.0/21.5 32.2/35.6
M7 19 1 1 - - 12 33 51 5 - 11 - 67 - -

*Ref. [48].
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Among the clay minerals in the soil samples kaolinite, smectite and illite prevail, the total
concentration of which may reach 60%. The samples M2 and M5 contain mixed-layer clay minerals
belonging to illite-smectite and kaolinite-smectite types.

3.2. ATR FT-MIR Data

IR spectra for the dry samples and the samples with different water contents for the wide range of
wavenumbers are shown in Figures 3 and 4, respectively. Analysis of spectral bands has been assigned
on the basis of published references [49-52].

-— Si-O stretching

Absorbance (a.u.)

S \\\%&\;u

S
r
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600 800 1000 1200 1400 1600 2800 4000
Wavenumber (cm™)

Figure 3. ATR-FTIR spectra of clay soils in air-dry condition.

Generally, spectral signals have been similar in shape with two main absorption intervals.
The stretching and deformation vibrations of OH groups absorb in the 3700-3450 cm~! and
950-900 cm ! regions, respectively. The Si~O stretching modes occur in the 1150-950 cm ! region,
while the most intense absorption band appears in the 550-400 cm ™! region. The intensive absorption
bands in the 550—400 cm~! region for samples M1 and M7 correspond the vibrations of Al-O-Si
and Si-O-Si. The group of vibrational frequencies 3694, 3670 and 3652 cm ™!, relate to the stretching
vibrations of the surface hydroxyl groups, while frequency of 3619 cm ! corresponds to vibrations
inside the hydroxyl group in kaolinite structure. This indicates the prevailing contribution of the IR
spectrum of kaolinite in the spectra of soil samples, which is confirmed by the results of quantitative
phase analysis. For the same reason, ranges of 3700-3450 cm ! and 550-400 cm ! for samples M2-M6
are weakly expressed.

Sample M4 shows additional bands. These are assigned to distinct absorption bands at 1413 cm !

(COj3 stretching), 712 cm~! and 875 cm™! (CO; deformation) caused by presence of calcite in
the sample.
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Figure 4. ATR-FTIR spectra of clay soils with different water contents.

4. Discussion.

4.1. Comparison of the Spectral Behavior of Kaolinite and a Polymineral Sample

The results shown in Figure 5 make it possible to split the considered range of moisture variation
into sub-ranges that are characterized by the same qualitative behavior of the most intensive absorbance
of the spectra of analyzed objects. The moisture intervals shown in Figure 5 are determined on the
basis of the need to assess the changes in the spectral position of the analyzed Si—O lines in the range
up to the values measured by the standard LL methods until the samples are completely saturated
with water.

The spectral position of the most intensive absorbance of the IR spectrum for samples M1 and
M6 at various sample moisture contents is shown in Figure 5. This absorbance reflects the stretching
vibration of the group Si-O v for the kaolinite (M1) or for components of the polymineral sample (M6).

The sub-range up to 19% moisture content for kaolinite and up to 8% moisture content for
polymineral soil is characterized by the decrease of the wavenumber of the IR spectra. This regularity
can be explained by the strong interaction of a tightly bound monolayer of water and a tetrahedral
layer of clay minerals [35,53].

A further increase of moisture up to 28% in kaolinite, and up to 17% in a polymineral soil,
respectively, results in the filling of the pore spaces in these clay soils. At the same time, for the
sample M1, this moisture value corresponds quite accurately to the well-defined minimum of the
graph, while for the polymineral sample M6, the minimum of the graph is not very strong, and a
smooth transition from the solid state to the plastic state in the humidity range 10%-17% is observed.
This can be explained by the fact that the transitions to the plastic state for different clay components in
polymineral soil occur at different moistures. This results in a more rapid decrease of the wavenumber
of the IR spectrum line which can be explained by the increase of the interaction between the atoms
of the clay particles, the pore water, and the atoms of neighboring particles. This type of interaction
results in building molecular structures that include fragments of clay particles and water molecules.
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Figure 5. Peak frequency shifts for the Si-O stretching band as a function of water content (moisture)
of the kaolinite (M1) and polymineral soil (M6) [48].

An accumulation of water up to 47% for kaolinite and up to 27% for polymineral soil results in
the decrease of interaction between the atoms of neighboring clay particles; this can be explained by
the swelling of soil and the screening of the interaction due to additional water layers in pore space.
Further accumulation of water by soils in the liquid state does not significantly affect the interaction
between atoms of clay particles and water molecules [48]. In this range of moistures, the wavenumber
of the spectral lines does not vary considerably. In other words, this water can be interpreted as
bulk water. As a result, the reduced mass of oscillators decreases and this leads to the increase of the
spectral line’s wavenumber. Respective moisture ranges belong to the interval of soil plasticity, and
their upper limits determine the values of moisture at liquid limit. In the case of polymineral soil,
the transition to the liquid state is characterized by the interval of moisture values from 27% to 45%;
this can be explained (neglecting the interaction between the particles of different mineral nature)
by consecutive transitions of different phases to the liquid state. The upper limit of this sub-range
of moistures matches well the value of moisture at liquid limit for kaolinite, which makes 47% of
the sample.

Figure 5 also shows plastic limit and liquid limit determined with different standard methods
according to GOST 5180 [3], ISO/TS 17892-12 [4] and ASTM D-4318 [5]. The comparison of measured
spectral characteristics and the results of standard measurements of PL (Wp) and LL (W) show us
the following:

e  The value PL (Wp) for analyzed samples corresponds to the minimum of wavenumber in the
range of moistures 0%—40% for kaolinite, and 0%-25% for polymineral soil;

e A characteristic slope-change position of the curve for sample M1 observed above LL (W) agrees
with the LL (Wy) values obtained by standard methods. In the case of polymineral soil (M6) there
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are two characteristic slope changes coming from consecutive plastic-to-liquid transitions of soil
components; the LL (W) obtained with standard methods are between them;

e  The form of the valley in the Si-O—moisture content curve is broader in a polymineral system
comparing to a monomineral system. So the FTIR spectroscopy technique provides some measure
of the complexity of the soil’s mineralogy.

4.2. Spectral Behavior of Kaolinite—Polymineral Sample Mixture

Figure 6 shows the dependence of the wavenumber of the most intensive IR spectrum line on
moisture for the 1:1 mixture of kaolinite and polymineral soil (M?7).

It is clear that the moistening of the kaolinite + polymineral sample mixture with the concentration
of smectite from 10% to 20% leads to spectral changes typical for kaolinite. This may be due to the
fact that water molecules for these concentrations of smectite are mainly wetting the surfaces of
kaolinite grains by the interaction of their electric dipole and the electric charge of grain surfaces
and influencing the Si-O bond strength. Increasing the moisture wetting surfaces of kaolinite grains,
the water molecules start to interact with grains of other clay minerals of the sample. All the surfaces
are likely covered at lower water content than ~45%. But the interaction of the water with the surface
is still having a marked effect on the position of the Si-O. This makes complete sense for a soil which
contains smectite.
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Figure 6. Peak frequency shifts for the Si-O stretching band as a function of water content (moisture)
of the kaolinite (M1), polymineral soil (M6), and their 1:1 mixture (M7).

The complex nature of the interaction of the polymineral clay soil components with water
molecules leads to the conclusion made in the discussion of Figure 5: namely transitions to plastic
and to liquid states take place at different moistures for different soil components. Thus, the mineral
composition of a sample determines the behavior of the wavenumber of the spectral line considered in
certain moisture ranges near plastic and liquid limits. Note that the conventional methods provide
average values of plastic and liquid limits, whereas the method of IR spectroscopy allows fixing the
start and the completion of the series of phase transitions.

The addition of kaolinite to the polymineral sample leads to the increase of moisture value at the
plastic limit, and to the reduction of the mixture’s plasticity range (Figure 6).

4.3. Influence of the Smectite Concentration on the Spectral Behavior of Polymineral Soil Samples

Figure 7 shows the spectral Si-O v absorption positions in the soils taken from: the landslide slope
at the 1919th km of the Lazarevskaya—Chemitokvadzhe track section (sample M3) that contains 70%
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clay particles, the railway embankment at the 56th km of the Likhaya-Morozovskaya track section that
contains 61% clay particles (M2), and from the Millerovo deposit that contains 35% of clay particles (M6).

1030

1020

_1)

1010

1000

Peak frequency (cm

990 [

980 |

Water content (wt.%)

Figure 7. Peak frequency shifts for the Si-O stretching band as a function of water content (moisture)
of the polymineral soil samples (M2, M3 and M6) with different concentrations of smectite.

The first, second, and third samples cited above have respective plasticity indexes of 58, 43 and
14. This can be related to the variation of the content of swelling smectites, whose concentration in the
samples are, respectively, 42%, 5% (and 29% mixed-layer minerals containing smectite) and 22%.

Figure 8 shows the spectral Si-O v line positions in samples M4, M5 and M6. The last two samples
have similar mineralogical compositions, but differ in the concentration of minerals they contain.
It is clear that the change of the concentration of clay minerals leads to considerable changes in the
character of wavenumber-moisture dependence curves, while moistures at the plastic and liquid limits,
according to the traditional measures, change little.

The samples M4, M5 and M6, contain 87%, 57% and 65% of non-clay particles, respectively.
The data in Figure 8 show that the concentration of non-clay minerals affects significantly the absolute
values of the wavenumbers of the Si-O v line.

The obtained results prove that correlation of surface water absorbed by clay minerals and free
water in the sample of soil, determined by the concentration of clay and non-clay minerals, influences
essentially absolute wavenumber value.
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Figure 8. Peak frequency shifts for the Si-O stretching band as a function of water content (moisture)
of the polymineral soil samples (M4, M5 and M6) with different concentration of clay minerals.
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5. Conclusions

Existing methods for the determination of soil plasticity characteristics have a number of
disadvantages. In particular, the principal among them are the significant labor-intensiveness, the long
time needed for measurements, and the low accuracy in determining moistures of soils at which they
demonstrate plastic behavior.

In this work, we propose to use FT-MIR spectroscopy as a fundamental physically-based method
allowing one to study structural characteristics of clay soils and their “phase” state, with an accuracy
which is superior to previous methods, and which is also less time consuming. It is noted that the
method of IR spectroscopy allows fixing the start and the completion of the series of “phase transitions”
of the soil in the plastic and liquid state.

It is shown that for the monomineral kaolinite moisture, the dependence of the spectral position
of the Si-O stretching band has clearly identifiable specific points at the plastic and liquid limits.
Thus, near the plastic limit, the wavenumber of this line has a minimal value; further increase of
moisture leads to the change of the graph’s slope steepness at the moisture value corresponding to the
liquid limit.

The studies of the IR spectra of polymineral samples show that these specific points extend
into intervals, where the analyzed line wavenumber varies monotonically against moisture.
Plasticity indexes of the soils depend on the concentration of the smectite in their composition.
The variation of the measured IR spectra wavenumber with moisture, as illustrated by the presented
results, is determined by the concentration of clay particles in samples. The significant effect of the
concentration of non-clay minerals on the Si-O v line is that a moisture content curve is noticed,
which may help us to predict the clay content of the soil without undertaking XRD analysis.
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