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SUMMARY

The assessment of hydraulic conductivity is crucial for groundwater management and
forecasting, as well as for evaluating infrastructure stability and environmental safety. This
study evaluates the effectiveness of classical empirical formulas, including those of Kriiger,
Kozeny, and Terzaghi, for heterogeneous soil systems, particularly coarse-grained
terrigenous-carbonate deposits. The analysis involves a comparison of calculated values with
field data from Starokostiantyniv (Khmelnytskyi region, Ukraine).

The results confirm that granulometric composition significantly influences filtration
properties, with Terzaghi’s formula demonstrating the best correlation with field
measurements for coarse-grained deposits. Based on the findings, conclusions are drawn
regarding the potential improvement of rapid assessment methodologies for soil filtration
properties, applicable in water resource management and engineering practice.

The outcomes of this study can be utilized for the development of a hybrid model, integrating
the advantages of classical empirical approaches with modern machine learning techniques,
thereby enhancing the accuracy and efficiency of permeability assessments in complex
geological environments.
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Introduction

Groundwater monitoring involves obtaining information that enables the management and forecasting
of the state of the subsurface hydrosphere. Such forecasting is impossible without determining the
filtration and storage properties of soils, primarily the hydraulic conductivity, which is a critically
important aspect of hydrogeological and engineering geological investigations, the assessment of
infrastructure stability, and environmental safety. Traditional methods for determining hydraulic
conductivity provide high accuracy but require significant financial and time resources. Consequently,
empirical formulas are gaining increasing importance as they allow for a rapid assessment of soil
permeability based on its physico-mechanical properties.

Most existing empirical formulas, such as those proposed by Kriiger, Kozeny, and Terzaghi, were
developed for homogeneous media, predominantly sandy or silty soils. Their applicability to atypical
and complex soil systems, such as coarse-grained terrigenous-carbonate deposits, remains a subject of
investigation. These environments are characterized by high heterogeneity, complex microporous
structures, and a wide range of granulometric fractions, which significantly complicates the
application of classical models.

This study aims to bridge the gap in the use of empirical models for complex environments and opens
new perspectives for the development of hybrid approaches in hydrogeology and engineering

geology.

Current research

Over the past decades, the international scientific community has devoted significant attention to
improving methods for determining hydraulic conductivity of soils. Research efforts have primarily
focused on enhancing the accuracy of classical empirical formulas for estimating hydraulic
conductivity and adapting them to complex soil systems with high heterogeneity. The formulas
proposed by Kriiger (1918), Terzaghi (1925), and Kozeny (1927) have been extensively revised to
accommodate environments with mixed granulometric composition or intricate geological structures.

Riha et al. (2018) conducted a comprehensive study evaluating the efficiency of twenty empirical
formulas for determining hydraulic conductivity using glass beads as a model for homogeneous
media. Meanwhile, Goodarzi et al. (2024) developed modified versions of classical formulas for soils
with varying degrees of heterogeneity, testing Kozeny, Beyer, Terzaghi, and Hazen equations on six
different soil types. The inclusion of additional parameters, such as particle shape and heterogeneity
coefficient, significantly improved the accuracy of the calculations.

Recent studies also emphasize the integration of classical formulas with novel experimental methods
to enhance the precision of hydraulic conductivity assessments. Ishaku et al. (2011) applied
multivariate regression analysis to predict hydraulic conductivity in sand-gravel aquifers in Nigeria,
demonstrating the effectiveness of a comprehensive approach that incorporates the physico-
mechanical properties of soils.

In a more recent study, Eveliina Kukka-Maaria Vanhala (2024) explored the hydraulic conductivity of
Lithuanian soils in her master's thesis, combining classical empirical formulas (Hazen, Slichter,
USBR) with machine learning techniques. The research demonstrated that integrating these
approaches enhances the accuracy of permeability predictions, particularly in heterogeneous soil
environments.

Given the results of these studies, the development of hybrid models that merge the advantages of
classical empirical approaches with advanced analytical technologies appears to be a promising
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direction. Such models can significantly improve the accuracy of hydraulic conductivity assessments
in complex geological conditions.

Theory

The assessment of soil filtration properties is a key aspect of hydrogeological and engineering
geological studies, determining the ability of soil environments to conduct water. The main parameter
is the hydraulic conductivity, which describes the rate of water movement through a porous medium
under the influence of a hydraulic head gradient. Hydraulic conductivity depends on such
characteristics as granulometric composition, porosity, particle shape, pore space structure, as well as
fluid properties, including viscosity and density.

For practical applications, especially under limited time and resource constraints, empirical formulas
are widely used to estimate the filtration coefficient based on the physico-mechanical properties of
soils. All these empirical formulas are based on Darcy’s Law, which describes the relationship
between water filtration velocity, hydraulic gradient, and porous medium properties.

Among the empirical formulas for assessing the filtration properties of soils, Kriiger formula (1918)
takes into account porosity and the total specific surface area of particles. Kozeny formula (1927) is
effective for fine- and medium-grained sands and is based on the effective particle diameter, while
Terzaghi formula (1925) utilizes the mean particle diameter.

In addition to these well-known formulas, there are several other empirical dependencies that take into
account specific soil properties. In particular, Beyer formula (1964) is suitable for soils with high
heterogeneity, Slichter formula (1899) applies to fine-grained environments, while the USBR formula
(1951) is used for medium-grained sands with low heterogeneity. Sauebrej formula (1932) is effective
for homogeneous environments due to its use of the mean particle diameter, whereas Zunker (1932)
and Pavchich (1991) formulas account for the influence of porosity and grain size in coarse-grained
materials.

Examples

This study evaluates the effectiveness of classical empirical formulas for determining hydraulic
conductivity in heterogeneous soil systems. The calculation of hydraulic conductivity relies on three
classical empirical formulas: Kriiger, Kozeny, and Terzaghi. To assess the accuracy of these formulas,
the obtained results are compared with observed field data provided by a private engineering-
geological company. The evaluation of methodological reliability follows a quantitative analysis of
deviations between computed and actual values.

For practical validation and methodological verification, the study takes place in Starokostiantyniv
(Khmelnytskyi region, Ukraine). The geological structure of this area consists of coarse-grained
terrigenous-carbonate deposits of the Sarmatian aquifer, which form a highly heterogeneous
assemblage of low-strength limestone gravel and sandy loam matrix.

The study utilizes archival engineering-geological data, analysing 31 soil samples extracted from
depths of 2 to 8 meters. Laboratory investigations include granulometric composition analysis,
porosity determination, bulk density measurements, and moisture content assessment. The obtained
hydraulic conductivity values undergo validation against documented field permeability tests to
ensure methodological consistency. Additionally, statistical data processing follows Ukrainian
engineering-geological standards. To address methodological uncertainties, the results undergo
analysis within a defined tolerance range, considering both positive and negative deviations,
depending on the engineering objective.
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According to archival engineering-geological data, the mean observed hydraulic conductivity of the
Sarmatian aquifer in the study area is 8.6 m/day (Lysenko, Romas, & Vovchenko, 2018). This
reference value serves as a basis for the assessment of empirical model performance.

The results further contribute to the evaluation of lateral groundwater flow dynamics, enabling the
determination of the effective horizontal filtration velocity in the heterogeneous hydrogeological
environment of the studied aquifer system.

AH v
=— v=K-1I =
L N,

I

where AH — difference in water levels between two points, m; L — distance between two points, m;
I — hydraulic gradien, dimensionless; K — hydraulic conductivity, m/day; v — filtration velocity,
m/day; n, — effective porosity, dimensionless; v; — average linear velocity, m/day.

Results
The Terzaghi formula provides the best correlation with the observed field data from engineering-
geological surveys, which justifies further investigation of its effectiveness for coarse-grained

terrigenous-carbonate deposits.

Table 1 Calculation Results Using Kriiger, Kozeny, and Terzaghi Formulas.

Average calculated hydraulic conductivity (m/day)
Formula name Mathematical expression Soil reliability coefficient | Soil reliability coefficient
_ ) ()
} _ ) . g2
Kriiger Formula | K= 240 (100 —n)? B 1,00 1,76
3
n
Kozeny Formula = . g 1,51 3,66
y K = 4000 ) d:
n—0,13
Terzaghi Formula | K= 2930- (?) - d2 2,32 5,64
Vi—n

Based on Darcy's fundamental law of filtration, the actual lateral filtration velocity is determined by
evaluating the hydraulic gradient at each study point. The obtained values correspond to gravelly soil
with a sandy matrix and inclusions of crushed, low-strength limestone fragments. The results indicate
that the average linear velocity varies within the range of 4.78—11.60 m/day. The presence of coarse-
grained material and numerous fractures influences the observed range of values.

Conclusions

The study confirms that the filtration properties of terrigenous-carbonate deposits are largely
determined by the granulometric composition of the soil. Sandy-silty fractions reduce pore sizes
between particles, thereby decreasing hydraulic conductivity, whereas coarse-grained particles
contribute to the formation of larger pores, facilitating groundwater movement.

According to the authors, the primary factors responsible for discrepancies between the Terzaghi
formula calculations and empirical data include the use of averaged porosity values for all soil
samples, the lack of consideration of mineral composition, and limestone fracturing. Furthermore, the
applied empirical formulas are based on Darcy’s law, which assumes a laminar flow regime, whereas,
under the studied conditions, localized transitions to turbulent flow are possible due to the high
content of coarse-grained material. This underscores the necessity for modifying classical filtration
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formulas or implementing hybrid approaches to achieve more accurate evaluations of filtration
properties in complex soil systems.

A review of recent international studies confirms that none of the existing empirical formulas is
universally applicable to all soil types, particularly in heterogeneous and complex environments. This
highlights the need for adapting classical models or employing integrated approaches to improve
calculation accuracy. Given the limitations of classical empirical approaches and their inherent
variability, the exploration of modern artificial intelligence capabilities appears to be a promising
direction for enhancing soil hydraulic conductivity assessments.

Thus, the findings of this study may serve as a foundation for improving rapid assessment
methodologies for filtration properties of soils and their application in engineering practice,
groundwater monitoring systems, and water resource management.
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