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Abstract

This article outlines the key principles and assumptions that form the basis of the filtration consolidation model
for water-saturated clay soils described by K.Terzaghi in 1925 for calculating the settlement of structures. One
of the main assumptions that requires revision is the notion that the pore water in clay soils has properties iden-
tical to those of bulk water. In the modern context, pore water should be considered in terms of its structuredness
under the influence of the active centers of solid particles, ions, and other factors. The results of experimental
studies on the effect of active centers of the solid surface, primarily clay particles, on the change in water structure
via nuclear magnetic resonance relaxometers of various generations are presented. The patterns of changes in the
structure of pore water in water-saturated clay soils of different granulometric and mineral compositions in the
range of changes in their conditional physical state by moisture are shown. The structuredness of pore water in
soils contributes to its inertness to the perception of external pressure and to the need to revise the concepts of
filtration consolidation in favour of the rheological model for predicting the development of settlements as the
main criterion for their stability.
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Introduction

The theory and practice of foundation design and stability calculations for structures on water-
saturated clay soils are based on K.Terzaghi’s filtration consolidation model, which was proposed
in 1925 [1]. Its main purpose involves analysing the compression of water-saturated clay soils
through pore water outflow (filtration) under the influence of external pressure. This model is ap-
plied for not only solving problems related to the construction and operation of structures on clay
soils but also for addressing specific practical hydrogeological tasks. It is believed that the observed
increase in the yields of operating wells during continuous pumping occurs due to the outflow (fil-
tration) of pore water from clay aquitards as the groundwater level decreases by a value S, resulting
in increased normal stresses on the aquitards (c; = ywS, where yy is the water specific weight) [2].

The mathematical formulation of K. Terzaghi’s filtration consolidation model was based on the
following assumptions:

« analysis of a one-dimensional consolidation problem of water-saturated clay soils without the
possibility of lateral expansion (where the clay soil layer thickness h, divided by the loaded area width b,
is less than or equal to 0.25);
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b « the clay soil is fully water-saturated and the
P=p2—p1 pore fluid possesses properties identical to those of
| | | | | bulk water;
’ CHI . TR » structural bonds between soil particles are
: : : — : absent;
1o « the filtration of water through soils obeys the
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where v is the filtration velocity; %—T is the hydrau-
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lic gradient; and k is the coefficient of permeabi-
Fig.1. The isochrones of pore pressure lity of the soil;

distributior_\ along tr_le height of the clay s_oil layer z . at any time t # 0, the total external pressure
at different time t of pressure loading _ 7
(according to K.Terzaghi’s hypothesis) p = pz — pz is distributed between th_e pore water pw
(pore water pressure) and the soil skeleton pe,
(effective pressure) (Fig.1).
The main equation of the filtration consolidation model relates the change in pore water pressure
in clay soil over time t to the change of pressures H with layer depth z:
oH o*H
—~ =G
ot 0z
where C, is the coefficient of consolidation, equal to:

c. - k(1+e)
aYw

where ey is the initial void ratio of clay soils and a is the coefficient of compressibility of the soils in
the pressure range p2 — pi.

In soil mechanics practice, when the coefficient of consolidation is Cy < 107 cm?/year, the filtration
consolidation process develops so slowly that it may be neglected.

The development of the filtration consolidation theory of water-saturated clay soils, which ac-
counts for pore water anomalies, has been conducted by several researchers [3, 4]. Special attention
should be given to the works of A.l.Ksenofontov, who employed rheological models to describe the
deformation behaviour of water-saturated clay soils as single-phase media when their permeability
coefficient decreases to k < 10~ m/day.

The study of water structure in clay soils is of fundamental scientific and practical importance
when analyzing the long-term stability of structures for various purposes, at the base of which lie water-
saturated clay deposits of diverse genesis and age [5]. These such soils have different mineral and granu-
lometric compositions, physical states, structural bonds, and variabilities in strength and bearing capa-
city [6, 7]. The application of the filtration consolidation model in the design of structures results in a
significant overestimation of the allowable pressure R due to soil compaction during experimental studies
to obtain shear strength parameters: the angle of internal friction ¢ and cohesion c. These parameters are
regarded as fundamental and are employed in stability calculations (allowable pressure determinations)
for above-ground structures for various purposes [8-10]. Exceeding allowable pressures through the use
of incorrect (overestimated) values of ¢ and ¢ above design pressures ps can compromise the stability and
safety of construction and operating structures, leading to structurally unsafe buildings [11].

Methods for studying water structure transformation under the influence of the active
centres of solid surfaces

Research into changes in water structures on various substrates (quartz and mica sheets) was
conducted in the 1960-1980s by specialists in physics and physical chemistry. Particular mention
should be given to studies examining water state alterations under the influence of SiO> active centres,
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along with research by M.S.Metsik’s scientific school (experiments on mica sheets). When the water
structure in quartz capillaries measuring 0.03-0.04 um was examined, a 35-40 % increase in the visco-
sity of the adsorbed water compared with that of the bulk water was recorded [12]. Quartz substrates,
owing to their relatively simple crystallochemical structure, possess fewer active centres than alumino-
silicates do, such as feldspars, mica, and clay minerals, with clay particles being characterized by the
most complex structure.

An important feature of the research conducted by M.S.Metsik’s scientific school is the perfor-
mance of experimental work on mica sheets under conditions of changing surface states and, conse-
quently, the activity and number of energy centres [13, 14]. The results of these studies demonstrated
that the dielectric constant of water ey decreases from 80 to 4.5 as the thickness of the adsorbed water
film decreases from 2 to 0.07 um. The thermal conductivity A at this same film thickness on a fresh
mica surface becomes comparable to the A of metals, reaching 60 W/m-deg. Washing the freshly
cleaved mica surface in boiling water significantly reduces the A value to 0.6 W/m-deg (equivalent
to bulk water).

The following questions should be addressed: what role do the active centres of various minerals
play, and how does their radius of influence increase — this being determined by the crystallochemical
features of the mineral lattice structure and their degree of dispersion. Research on such energetically
non-uniform active centres associated with point defects on solid surfaces of various media (both me-
tallic and non-metallic) was conducted by G.l.Distler. It was established that the active centres are di-
vided into two groups: epitaxial centres, which increase the water density; and polarising centres, which
are long-range centres that stop the translational movement of water molecules at distances up to 10 um.
The model of translational movement — involving jump-like displacements of water molecules from
equilibrium positions (remaining in equilibrium for 102 s) combined with vibrational and rotational
movements — was first proposed by Ya.l.Frenkel, when substantiating the liquid state of matter. Such
motion is absent in solid-state bodies.

The most precise method for determining the crystallochemical structure of both liquid and solid
substances is nuclear magnetic resonance (NMR), which registers transitions between magnetic
energy levels of atomic nuclei induced by radiofrequency (RF) radiation [15]. In foreign countries,
NMR is actively used to study the pore space of soils of various compositions [16-18].

Pore water in soils contains ions and complex compounds of both organic and inorganic compo-
sitions at varying concentrations [19]. Moreover, soil pores contain microorganisms and their metabo-
lites, along with gases of various origins (biochemical, deep, and catalytic) [20-22].

Research into the influence of the cation content in perchlorate salt solutions on water structuring
(HCIO4~ being an anion that does not affect the structure of bulk water) was conducted by
V.1.Chizhik [23]. All the studied perchlorate solutions were prepared via fully degassed water, whose
spin-lattice relaxation time Ty is approximately 3.5 s, whereas the T1 value of the distillate is slightly
lower and is 2.5 s. It has been experimentally established that the T1 parameter decreases approxi-
mately threefold in the presence of positive-hydration ions compared with fully degassed water, with
the smallest decrease observed in sodium perchlorate solutions and the most significant — in magne-
sium solutions.

The hypothesis regarding the absence of bulk water in clay soils of various compositions and
states was first proposed and confirmed through the work of R.E.Dashko, which was conducted via
an ECHO-4 NMR relaxometer (*H frequency of 20 MHz) while investigating changes in the struc-
tural characteristics of pore water in fine-dispersed soils [24]. The experiments were carried out on
water-saturated clay soils of varying granulometric and mineral compositions, as well as varying
physical states. It should be emphasised that clay soils possess the greatest quantity of active centres,
which is related not only to the crystallochemical structure peculiarities of various aluminosilicates
and silicates but also to the content of living components and their metabolites (gases, proteins, lipids,
acids, etc.) [25-27]. Not only living but also dead cells most frequently carry a positive charge [28].
The main polyhedra comprising the structure of clay layered aluminosilicates are silicon-oxygen tet-
rahedra, along with octahedra containing various cations (AI**, Mg?*, Ca?*, Na*, K*).
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Fig.2. Variation of spin-lattice relaxation time T1 of pore water with clay fraction content M.
and moisture content at liquid limit W (a) and clay mineral composition (b) [24]

1-W=11W;2-W=W 3-W,<W<W,_;4-hydromica clay; 5 — bentonite clay

When conducting research via the ECHO-4 relaxometer the structural characteristics of the pore
water in the dispersed soils were examined with respect to the following factors:

« content of the clay fraction M. while maintaining a constant mineral composition (hydromica
group) (Fig.2, a);

« the variation in the soil moisture content W as an indicator of their physical state, where Wy is
the moisture content at the liquid limit (Fig.2, a) [29];

« influence of the activity of the clay fraction’s mineral composition on the 71 — montmorillonite
group (bentonite) and hydromica (Fig.2, b);

« variation in the mineralization of pore water with different chemical compositions (Fig.3).

The conducted research has demonstrated that bulk water is entirely absent under such variations
in clay soil composition and state, as the average T1 parameter measures n-10~ s compared to bulk
water (71 = 2.5 s). Moreover, the greatest decrease in T1 occurs at the lowest moisture content (with
constant mineral composition) and in the presence of more active clay minerals from the montmoril-
lonite group (bentonite), even at very high moisture contents (W > 70 %).

Investigation into how the mineralisation and ionic composition of pore solutions affect water
structure revealed that the active centres of clay particles exert a predominant influence. This is evi-
denced by the T values measured in the presence of negative-hydration ions (K*) and positive-hydra-
tion ions (Na*, Mg?*, Ca?*, and AI*"), with all T1 measurements remaining within n-10= s,

KCl T, 10%s KCl

NaCl

CaCl2

°_o AICI3

O 1 1 1 1 8 1 1 1
0 1 2 3 4 C,mol/l 0 1 2 3 C,mol/l

Fig.3. Variations in spin-lattice relaxation time T1 of water protons:
a — in solutions on their concentrations C; b — in pore solutions of clay hydromica soils at concentration C;
M, =54 %, W =Wy [24]

70
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2025. Vol. 276. Iss. 1. P. 67-76  Elga:
© Regina E. Dashko, Darya L. Kolosova, Anton S. Mazur, Aleksandr V. leviev, 2025 -_ ;

Researches of the structure of pore water in water-saturated clay soils was continued via
modern NMR equipment (ECHO-12 relaxometer with a *H frequency of 20 MHz, designed at the
Department of Radio Physics of Saint Petersburg State University). The spin-lattice relaxation
times were measured via a standard inversion-recovery pulse sequence. The 90° RF pulse dura-
tion was 3.8 us, the “dwell” time was 32 us, and the signal-to-noise ratio was ~900. A Spin
Core pulse generator with a 100 MHz clock frequency served as the sequence synthesizer. The
“EchoScan” hardware-software interface for the entire system was programmed in the object-
oriented language LabVIEW. The pulse intervals ranged from 0.2 to 400 us and were divided into
60 discrete values. All investigations were conducted under standard conditions. Experimental
investigations were carried out using the equipment of the Department of Nuclear Physics Re-
search Methods and of the Centre for Magnetic Resonance Research of the Science Park of Saint
Petersburg State University.

The experimental results enabled the evaluation of pore water structural changes in water-satu-
rated clay soils, which were analyzed layer-by-layer with increasing distance from the active centres
of the solid particles.

A series of investigations were conducted to examine the influence of varying clay fraction con-
tents in soils maintaining a constant physical state corresponding to the quasi-liquid limit according
to regulatory provisions in soil mechanics and engineering geology. This clay soil condition corre-
sponds to the soil moisture content at the boundary of the beginning of decay of the root system of
plants WL under conditions of excessive moisture. All the tested soils had the same mineral composi-
tion (hydromica group).

Soil mechanics and engineering geology practices demonstrate that soils in a quasi-liquid state
(W = W) contain bulk water in their pore space that can respond to minimal pressures and be removed
from the soil according to Darcy’s law.

The variations in the clay fraction content and physical state parameters of the investigated soils
are presented in Table 1.

Table 1
Granulometric composition and some physical properties of the studied clay soils
Diameter of fractions and their Limits. % o
sample ) content in the samples, % e Plasticity
label Soil type Clay Silt Water content W, % — index
iquid limi Ip, %
(<0.002 mm) | (0.002-0.05 mm) Liquid BmitWe | i w, "

1 ISIIt 16 84 26.7 26.7 15.8 10.9
oam
Silt

2 | 28 72 34.2 34.2 195 14.7
oam

3 Silty 40 60 45.0 45.0 24.0 21.0
clay

The soil types followed the V.V.Okhotin classification system widely used in engineering
geology, which is based on the sand, silt, and clay fraction contents. The clay fraction content deter-
mines the characteristics of the W and Wp listed in Table 1.

Results and discussion

During experimental investigations of clay samples (Table 1) via an ECHO-12 relaxometer
(20 MHz frequency), T1 parameter values were obtained that characterize the degree of pore water
structuring as water protons move away from active centres on solid particle surfaces. The results
were processed via the “EchoScan” hardware-software interface using the Levenberg — Marquardt
approximation method (Table 2).
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Spin-lattice relaxation time T1 for clay soils of the liquid state

with varying clay fraction contents

Table 2

Clay fraction Spin-lattice relaxation
Sample Soil type (<0.002mm) | W =W, % time, ms
content, % Tis Tic
1 Silt loam 16 26.7 0.4 17.6
2 Silt loam 28 34.2 0.7 11.9
Silty clay 40 45.0 0.9 10.8

Note. T1s — characterizes the structure of the pore water at the solid surface of the particles, and Tic —
in the central part of the pore.

The general trend of T: variation with increasing clay fraction content, which determines the
greatest number of active centres in soil samples, manifests in reduced maximum Tz values. This
results from decreased pore sizes and, consequently, the enhanced influence of fine-dispersed parti-
cles on the pore water structure. The main conclusion, according to the results of these studies, is the
absence of bulk water in the pores of water-saturated clay soils at their most unstable liquid state.
Notably, even the maximum obtained Tic value of 17.62 ms remains more than two orders of mag-
nitude below the bulk water’s T1 (2.5 s).

A comparison of modern pore water structure research results from the ECHO-12 relaxometer
with previously established patterns (ECHO-4) confirms their numerical equivalence. The weighted
mean T values (based on percentage distributions of the most probable T1 values) match those ob-
tained for clay soils of varying granulometric compositions at the liquid state (W = W) (Table 3).

Table 3
Comparison of T1 values obtained with the ECHO-4 and ECHO-12 relaxometers

Clay fraction Spin-lattice relaxation time Ty, ms
(<0.002 mm) Note
content, % ECHO-4 ECHO-12
16 B 13.22 Experimental studies were carried out on soils of the
28 12.10 9.36 same mineral and granulometric composition, as well
40 11.10 8.60 as physical state

For samples with varying clay fraction contents, free induction decay (FID) signal spectra were
recorded following fast Fourier transformation via the ECHO-12 relaxometer (Fig.4, a-c). As the
relaxometer receiver employs a synchronous phase detector without quadrature detection capability,
all the spectra were acquired with a 47.5 kHz resonance frequency offset at 500 Hz spectral resolu-
tion. Figure 4, d displays the superimposed spectra with amplitude-axis normalization.

Interpretation of the pore water proton spectra for three clay soil samples at W = Wy explains
their structural organization at varying distances from the active centres of the solid particles (denoted
as the 1st and 2nd components in Table 4). The pore water structural transformation spectrum is
compared with the bulk water spectrum.

Component 1 reveals increasing pore water structuring in various clay soils with increasing clay
fraction content at maximum distances from solid surfaces — in the central part of the pore (representing
polarizing centres according to G.l.Distler). Component 2 demonstrates equivalent patterns in the
vicinity of the solid surface (epitaxial centres). Notably, the HWHM of the 1st component in the
outermost water layers exceeds the bulk water value (0.2 kHz) by 4-6 times.

The consistent value of the 3rd component most likely represents crystallization water within
the clay mineral structure. This structural water typically requires clay firing temperatures of
300-600 °C for removal.
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Fig.4. Spectra of FID signals recorded for water-saturated clay soils
of varying granulometric composition at constant physical state (W = WL):
a—M:.=16 %; b—- M. =28 %; ¢ — Mc =40 %; d — superimposed spectrum of three tested samples

Table 4
HWHM values derived from signal spectrum processing
HWHM, kHz
Components
M.=16% M.=28% M.=40% Bulk water
1 0.86 1.17 1.29 0.2
2 3.0 3.9 4.7 -
3 19.0 19.0 19.0 -

Note. The HWHM parameter is used in the spectra analysis and indicates the half width at the

half maximum amplitude.

In additional to investigating pore water structure in water-saturated clay soil at quasi-liquid condi-
tions, experiments were also conducted on soil samples at W = Wp. Under current soil classification sys-
tems in soil mechanics and engineering geology, this state is classified as quasi-solid, with Wp defined as
the moisture content at the plastic limit. The Wp parameter in soil science corresponds to the moisture
content at the beginning of wilting of the plant root system, the vacuum pumps of which are not able to
“pump out” the soil moisture. This parameter fixes the maximum physically-bound water content in clay
soil, defined as the maximum molecular water holding capacity Wm max — a value closely approximating
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) the plastic limit moisture content Wp. The Wm max
value is determined by removing water from 2 mm-
i thick clay soil samples under a pressure of 6.55 MPa.
i The water structure in the water-saturated
Y clay sample (M. =40 %) was determined at a
! moisture content approaching the plastic limit
; (W=Wp =26 %). The T, values measured via the
ECHO-12 relaxometer ranged from 4.76 to 9.62 ms.
o0 ! AN The narrower Ty variation range may be attributed to

i / I both minimal pore diameters and the stronger in-
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Frequency, Hz analysis revealed only two components: crystalliza-
o W=We 1st component 2nd component tion water within the clay mineral structure (19 kHz)
_ and a unified component that represent the structural
Fig.5. FID spectrum of water-saturated . . £ th in th il (Fi
clay soil at W = Wp with 40 % clay fraction content integrity of the pore water in the soil (Fig.5).

The Fig.5 analysis reveals that the HWHM

value for this water-saturated clay soil in the

quasi-solid state exceeds that of the bulk water by a factor of 12.5, indicating that it has the most
hardened pore water structure among all the tested samples.

When external pressure is transferred to water-saturated soils, it redistributes between solid par-
ticles and pore water. Researchers have adopted various approaches to filtration consolidation in wa-
ter-saturated clay soils, whose development intensity depends on the dynamics of pore pressure
changes.

The earliest theoretical models of one-dimensional compression by K.Terzaghi and V.A.Florin
describe pore pressure gradually decreasing from initial values of 100 % (K.Terzaghi) and 80 %
(V.A Florin) to zero values over time. N.A.Tsytovich’s model presents pore pressure development as
a process featuring an initial gradual increase, followed by dissipation to residual values dependent
on the clay soil state and structural bond strength.

Experimental investigations of the relative pore pressure ratios pw/p during one-dimensional
compaction with varying clay fraction contents M. at similar physical states demonstrated identical
reductions in pw/p as pore water structuring increased, consequently resulting in greater pressure p
inertia (Fig.6).

a b
Ty, 103%s &
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Fig.6. Variation in water structuring degree by 71 value (a) and relative
pore pressure ratio pw/p (b) versus clay fraction content M. and liquidity index I.

1 — laboratory tests; 2 — tests in situ; 3 — ECHO-4; 4 — ECHO-12
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As established, the one-dimensional consolidation problem (without the possibility of lateral ex-
pansion) represents a theoretical case. Under conditions of simultaneous vertical and lateral defor-
mations development, the pore pressures decrease to zero.

Deformations develop due to soil skeleton creep, meaning that structured pore water acts as an
inert component. Consequently, the principal physical model for water- and water-gas-saturated
clay soils should be interpreted through rheological laws that reflect the actual behaviour of founda-
tion soils.

Conclusion

Current practices necessitate the revision of K.Terzaghi’s filtration consolidation model, which
remains widely used for designing structures for various purposes, including unique ones, on water-
and water-gas-saturated clay soils of diverse geneses and ages [30-32]. These soils account for
60-80 % of the sedimentary section of the Earth’s crust globally, not just in Russia.

The revision of the K. Terzaghi model can be based on assessing pore water structuring in fine-
dispersed soils, which affects the interaction of special characteristics in the structure — clay soils
system.

The most reliable data on water structure transformation under the influence of various energy
centres can be obtained only based on nuclear magnetic resonance. A review of previous studies on
the structure of water using alternative methods demonstrates limited influence of the active centres
of silicate and aluminosilicate surfaces on the water transformation within the soils pores.

Soil mechanics and engineering-geology practice demonstrates that clay soils in quasi-liquid
and similar states contain significant amounts of bulk water, which absorb a portion of the external
pressure, is filtered out from clay deposits. This process reduces the moisture content while increasing
the density and strength. Employing incorrect shear strength parameters creates conditions for the
transition to structural unsafe buildings through unjustified overestimation of the foundation soil
bearing capacity.

Expert assessments of such situations typically limit themselves to formally conducting analyses
and identifying errors in engineering surveys or construction code violations. Crucially, these assess-
ments completely lack critical evaluation of the reliability of the shear strength parameters used in
bearing capacity calculations for water-saturated clay soils in structures designed according to the
second limit state.

This paper analyses pore water structuring in various clay soils as a function of their physical
state, granulometric and mineral composition, and pore water chemistry via different-generation
nuclear magnetic resonance relaxometers (ECHO-4 and ECHO-12). Comparative results demon-
strate that even liquid-consistency clays contain no bulk water. The pore water exhibits progres-
sively decreasing structural organization with increasing distance from the active centres of the
solid particles, as evidenced by spin-lattice relaxation time T: measurements and spectral line
widths (HWHM).

The structural organization of pore water in fine-dispersed soils determines its pressure response
inertness under new stress states within structure-clay soil interaction zones [33, 34]. This necessi-
tates the application of rheological principles that characterize clay soil behaviour as a quasi-homo-
geneous medium.
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