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1. Introduction 

One of the most effective ways to reduce the cost of 
road construction is the intensive use of local soils for the 
arrangement of subgrade. The importance of this task is due 
to the lack of a detailed theoretical analysis of water-thermal 
processes occurring in the body of the earth bed, as well as 
due to issues related to the strength and stability of the cor-
responding road structures.

The question of the maximum permissible moisture con-
tent of local soils when they are arranged in an embankment 
is of great importance since the possibility of mechanization 
of construction works, the compactness of the embankment, 

and the duration of preliminary drainage will depend on this 
moisture content.

Thus, the use of local soils for the arrangement of road 
subgrades is impossible without a detailed study of their 
properties, in particular moisture conductivity, for the 
further development of measures to regulate the humidity 
of these soils.

The relevance of related research is based on determin-
ing the physical and mechanical characteristics of soils in 
accordance with European requirements and standards, 
which differ significantly from the outdated methods used 
in Ukraine. This requires the establishment of a relation-
ship between the indicators, in particular the coefficient of 
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The object of this study is the theoretical and 
methodological approaches to determining the coef-
ficient of moisture conductivity of subgrade soils. 
The work focuses on considering the European 
approaches and standards when devising a method 
for determining the coefficient of moisture conduc-
tivity of soils.

In the course of the research, a method was devel-
oped for determining the coefficient of moisture con-
ductivity of soils K1, which characterizes the diffusion 
movement of water, through the filtration coefficient 
K0, calculated in accordance with European require-
ments based on laboratory test data. 

The proposed method is based on a mathemati-
cal model built on the basis of the differential equa-
tion of changes in soil moisture. The model is special 
in that, unlike existing ones, the movement of water 
was modeled from the bottom up, which reflects the 
process of moisture accumulation in the lower layers 
of the subgrade from groundwater or topwater.

A good agreement of the mathematical model 
with the data by other authors was obtained (the rel-
ative error did not exceed 12.98 %).

A direct relationship between the moisture con-
ductivity coefficient of soils K1 and their initial mois-
ture content W0 and an inverse relationship between 
K1 and the total moisture capacity of soils WFH 
were established in the paper. Dependences were 
derived in the range of changes in initial soil mois-
ture W0  from 0.08 to 0.15 and WFH  from 0.15 to 0.5. 
It was found that the values of the moisture conduc-
tivity coefficient of soils K1 increase from 4.64·10-6  
to 3.81·10-5 m2/h with an increase in their initial 
moisture content and with a decrease in total mois-
ture capacity.

From the point of view of engineering practice 
of road construction, the proposed method makes 
it possible to predict seasonal changes in soil mois-
ture in the subgrade, to determine the strength of the 
road structure. This makes it possible to make sound 
design decisions on the installation of drainage sys-
tems on roads in order to extend their service life
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moisture conductivity, determined according to the current 
DSTU, and the European ISO.

2. Literature review and problem statement

Moisture is one of the most important factors affecting 
soil strength. Paper [1] examines the influence of moisture 
and density on the shear strength parameters of silty em-
bankment soil in dry, wet (partially saturated) and saturated 
conditions for slope stability analysis. Wide distribution of 
silty soil in Ethiopia poses challenges in many construction 
fields such as earthworks, stability of slopes and foundations, 
in understanding their engineering characteristics, especial-
ly behavioral changes under dry and saturated conditions. 
As a result, the change in density and humidity significantly 
affects the properties of silty soil. The soil sorting proposed 
in work [1] is a technique for modifying its physical and me-
chanical properties. But in order to improve the stability of 
the slope of the embankment, reduce its height, and prevent 
landslides, the need to predict the moisture regime of the 
road structure based on such an indicator as the moisture 
conductivity coefficient of the soil remains an open question. 
The definition of this indicator for the purpose of predicting 
soil moisture is not considered by the authors.

Work [2] reports the results of research on soil moisture 
and soil strength to control the quality of construction of 
earthen structures, as well as the relationship between its 
structural properties. Research was carried out by means of 
experimental tests at the construction site. An acceptable 
level of soil compaction is achieved using a dynamic cone 
penetrometer in combination with density and moisture 
measurements. This improves the quality control of works 
but does not fully make it possible to determine the design 
parameter taking into account the moisture conductivity 
of the soil during the construction of earthen structures. 
This would reduce the quality of the next forecast regarding 
changes in their strength characteristics during the annual 
cycle due to the influence of soil moisture.

The soil moisture level of the subgrade during the 
compaction process plays a decisive role in ensuring the 
durability of the entire road structure [3]. Modern methods 
involve manual sampling of small soil samples from several 
isolated locations. This makes it difficult to monitor the 
spatial fluctuations of the moisture content along the entire 
construction section of the road during its compaction. 
Paper [3] demonstrated the effectiveness of using a passive 
L-band microwave radiometer to measure soil moisture in 
the context of optimal compaction of road construction 
materials. But it is not enough to find a simple and effective 
approach to measuring soil moisture since its change is de-
termined by such an indicator as the coefficient of moisture 
conductivity of the soil, the methods for determining which 
require clarification.

The high level of groundwater and the humidity of 
road construction materials significantly reduce the service 
life of the road surface. In [4], two types of non-intrusive 
devices were tested for their potential to detect moisture 
in road structures: a passive microwave radiometer and a 
ground-penetrating radar. The measurements showed that 
the scanner detects moisture fluctuations in the upper layers 
of the road structure (0.4 m), and the GPR clearly detects 
the level of groundwater at a greater depth. This confirms 

the effectiveness of both tools in practice but does not com-
pletely solve the problem of determining the change in soil 
moisture to prevent unwanted moisture accumulation in the 
subgrade body. The change in soil moisture is determined 
by the coefficient of moisture conductivity, which is not 
determined.

Paper [5] also considered the main problems of highway 
construction in the seasonally frozen regions of northeastern 
China. Using the method of combined field and laboratory 
tests, the influence of the plant system on the temperature 
and humidity of the soil massif, especially the root soil sys-
tem during the freezing process, was analyzed. Studies have 
shown that soil with plants contained less moisture and froze 
more slowly. This confirms the effectiveness of plants in im-
proving moist and thermal conditions on slopes, which can 
reduce the destruction of embankment slopes and trenches 
during freezing and thawing. However, the reported meth-
ods do not fully make it possible to analyze the process of 
moisture migration during freezing and thawing of the sub-
grade soil in the absence of determination of the moisture 
conductivity coefficient.

Maintenance and repair of roads caused by damage 
is costly to both the economy and the environment [6]. 
Subgrade soils are subject to large stress fluctuations, de-
formations due to the influence of rolling stock and natural 
conditions. In addition, the constant change in soil moisture 
causes a decrease in the strength and stability of the ground 
surface, which leads to damage to the road structure. Engi-
neered water repellent technology to control soil moisture 
can extend road life, reduce recurring maintenance costs, 
and reduce CO2 emissions. But the proposed approach is not 
justified by the term of possible maintenance of the same 
conditions of soil moisture and the coefficient of its moisture 
conductivity during the annual cycle.

In work [7], an analysis of existing approaches and meth-
ods for determining the coefficient of moisture conductivity 
of soils for the calculation of seasonal moisture accumulation 
in the subsoil was carried out. It is shown that the calculated 
values and measurement units of soil moisture conductivity 
coefficients, obtained within the requirements of the Eu-
ropean standard ISO 17892-11:2019 (E) [8], do not corre-
spond to those provided by existing calculation methods and 
models [9]. However, the problem of the analytical relation-
ship between the considered parameters of the subsurface 
soil remained unsolved.

This predetermines the relevant task to harmonize dif-
ferent approaches to determining the coefficient of moisture 
conductivity of soils and adapt existing methods for fore-
casting moisture accumulation in road structures to Euro-
pean construction standards.

3. The aim and objectives of the study

The purpose of our work is to devise methods for deter-
mining the coefficient of moisture conductivity of subgrade 
soils in order to adapt it to European construction stan-
dards. This will make it possible to move away from outdated 
methods and solve a number of important issues related to 
increasing the stability of road structures and extending the 
term of their operation under modern climatic and ecological 
conditions.

To achieve the goal, the following tasks were solved:
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– to perform experimental studies of soil moisture con-
ductivity processes on a measuring bench, in accordance 
with European approaches and standards;

– on the basis of mathematical modeling, to determine 
the analytical relationship between the coefficient of mois-
ture conductivity of soils K1 (m2/s) and the coefficient 
of moisture conductivity of soils K0 (m/s), 
obtained from the data of laboratory tests 
of soils;

– to conduct a numerical experiment to 
study the influence of initial soil moisture 
and its total moisture content on the values 
of moisture conductivity coefficients;

– to compare the values of moisture con-
ductivity coefficients of sandy soil K1 (m2/s), 
obtained on the basis of the proposed mathe-
matical model, and on the basis of the results 
of research by other authors.

4. The study materials and methods

The object of research in this paper is the 
theoretical and methodological approaches 
to determining the coefficient of moisture 
conductivity of subsurface soils.

The subject of the study is a method 
for determining the coefficient of moisture 
conductivity of soils, taking into account 
European approaches and standards.

The research is based on the hypoth-
esis that there is a functional relationship 
between the coefficient of moisture conduc-
tivity of soils K1 (m2/s) and the coefficient 
of moisture conductivity of soils K0 (m/s), which can be 
described by a certain mathematical model. The coefficient 
K1 (m2/s) characterizes the diffusion transfer of water move-
ment, and the coefficient K0 (m/s) is determined according 
to laboratory test data within the requirements of the Euro-
pean standard ISO 17892-11:2019 (E) [8].

At the initial stage of the work, experimental studies of 
soil moisture conductivity were conducted to determine the 
coefficient of moisture conductivity K0 (m/s). Research was 
conducted at the educational-scientific laboratory of the De-
partment of Transport Construction and Property Manage-
ment, the National Transport University (Kyiv, Ukraine), 
on a measuring bench in accordance with the requirements 
of the European standard ISO 17892-11:2019 (E) [8]. The 
setup of laboratory equipment for testing soil samples is 
shown in Fig. 1.

The device was prepared for operation in the following 
sequence (Fig. 1):

1) with the help of screws (7), mold (1) was separated 
into two parts: upper (10) and lower (11);

2) drain valve (9) and supply valve (8) were set to the 
“closed” position;

3) mold (1) was filled with filters (3): for the lower part, 
filter (3) was arranged so that the inner surface of the mold 
was flat; for the upper one, filter (3) was arranged in ring 
(4) so that the soil did not leave the cylinder during the 
experiment;

4) sealing rubber rings (5) were arranged between parts 
(10) and (11) of mold (1) to ensure tight contact between the 
touching surfaces;

5) the arrangement of cylinder (2) in mold (1) took place 
in the following sequence: the lower part of mold (11) with 
filter (3) and sealing ring (5), cylinder (2), ring (4) with fil-
ter (3), sealing ring (5), upper part of mold (10);

6) then mold (1) was tightened with bolts (7) to achieve 
tightness.

During the experiment, the movement of water took 
place from the bottom up, which reflected the process of 
moisture accumulation in the lower layers of the subsoil.

The bench made it possible to create water pressure 
with a variable hydraulic gradient due to the use of three 
hydraulic tubes of different diameters. Also, the water 
tank could be used to create pressure with a constant 
hydraulic gradient.

During the constant pressure test, the water level at the 
permeameter inlet and outlet was kept constant. In the fall-
ing pressure test, the inlet water level dropped through the 
inlet burette as the water passed through the sample. This 
caused a change in the hydraulic gradient during the test.

The minimum amount of water flow, or the change in 
its level during each measurement was determined taking 
into account the accuracy of the measuring devices. At the 
same time, the measurement period was assumed to be long 
enough, and the hydraulic gradient was high enough to 
ensure the reliability and representativeness of the results.

Determination of the coefficient of moisture conductivity of 
the soil was carried out in the following sequence:

1. For testing, a soil sample was taken and weighed (Fig. 2, a).
The soil sample was taken using a soil-carrying cylinder 

(hereinafter the cylinder) with a compaction factor of 0.95.
2. The type of soil and its moisture content were deter-

mined (Fig. 3).
3. The cylinder was fitted to the mold to determine the 

moisture conductivity coefficient of the soil (Fig. 1).
4. The assembled mold was connected to piezometric 

tubes and a feeding tank with water (Fig. 4).

Fig.	1.	Setup	for	soil	testing	in	a	cylindrical	permeameter	with	rigid	walls:		
a	–	permeameter	in	disassembled	form;	b	–	measuring	bench	for	determining	

moisture	conductivity	of	soils;	1	–	mold;	2	–	cylinder;	3	–	filters	–	porous	disks;	
4	–	transitional	ring;	5	–	sealing	rings;	6	–	inlet	tube;	7	–	connecting	bolts;		

8	–	water	inlet	valve;	9	–	water	outlet	valve;	10	–	the	upper	part	of	the	mold;		
11	–	the	lower	part	of	the	mold;	12	–	pressure	tank	with	water;		

13	–	piezometric	tubes	with	a	diameter	of	4,	6,	8	mm;	14	–	permeameter	assembly

a b
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5. The feeding tank was filled with water and, after sta-
bilizing the water level in it, its initial level was determined 
using a water measuring scale.

6. Water supply was ensured due to the fact that supply 
valve (8) was in the “open” position.

7. On the device, where the dosing valves and piezomet-
ric tubes are located, the necessary valve was brought to the 
“open” position.

After that, the air outlet was provided due to the fact 
that drain valve (9) was brought to the “open” position and 
the timer started.

When any amount of water was absorbed, its level in the 
feed tank decreased, which was immediately compensated 
by the arrival of the same amount of water. Thus, the water 
level in the feed tank was maintained at a constant level. 
When the wetting front approached the upper end of the 
sample, the experiment was stopped, after which the final 
water level Hf in the feed tank was marked on the water mea-
suring scale. The amount of water that was absorbed into 
the soil sample of water q was determined by the difference 
between the Hf and Hs indicators. The sample moistening 
time t was determined according to the timer readings and 
was automatically stopped when the humidity sensor was 
activated.

To repeat the test with the next soil sample, the filter was 
replaced and, if necessary, water was added to the feed tank.

When the water conductivity measurement was fin-
ished, the water inlet and outlet valves were closed and the 
permeameter was disconnected from the hydraulic pressure 
sources.

For each of n experimental tests of the same type of soil, 
the amount of water absorbed by the sample and the time 
it was absorbed, as well as the water level indicators of the 
piezometer, were determined.

The results of laboratory studies on soil samples were 
used for further mathematical treatment and determination 
of the coefficient of moisture conductivity of the studied 
type of soil according to the procedure from [9]. The meth-
odology is based on the general requirements of the Euro-
pean standard ISO 17892-11:2019 (E) for determining the 
coefficient of moisture conductivity of soils [8]. The time of 
moistening of the soil sample was taken as that required for 
the distribution of moisture in it from initial to full moisture 
content. Wetting of the sample took place from the water 
level maintained from below.

The method for determining the coefficient of moisture 
conductivity of the soil implied the fulfillment of the follow-
ing boundary and initial conditions:

1. The initial moisture content and density of the soil 
sample are uniformly distributed over the volume.

2. When the sample is moistened through the lower sur-
face, no changes in humidity are allowed on its upper surface 
when the wetting front approaches it.

3. The sample must be moistened under a pressure-free 
mode.

5. Results of experimental studies on soil moisture 
conductivity processes and determination of soil moisture 

conductivity coefficient

5. 1. Determination of soil moisture conductivity co-
efficient based on laboratory measurement data

Data from laboratory tests of soil samples, obtained on 
the measuring bench described above, underwent further 
mathematical treatment to determine their coefficients of 
moisture conductivity (m/s) according to the procedure 
from [9].

Within the framework of this methodology, the values of 
the soil moisture conductivity coefficient K0 were taken on 
the basis of a statistical generalization of the results of n tests 
of samples of the same type of soil. The K0 coefficient was 
determined at the significance level α with the confidence 
probability PC, subject to a one-sided (upward) limitation of 
the confidence interval, m/s:

Fig.	2.	Weighing	the	soil	sample	before	and	after	water	
saturation:	a	–	before	water	saturation;	b	–	after	water	

saturation

a b

Fig.	3.	Determination	of	soil	type	and	moisture	content

Fig.	4.	Water	supply	connection	diagram
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where K0avrg is the average value of the soil moisture con-
ductivity coefficient for n tests (after excluding possible 
measurement errors):
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where tα is the t-test for the level of significance α (accept-
ed: α=0.05, which corresponds to the confidence probabili-
ty PC=0.95) for the one-sided critical region and the number 
of degrees of freedom n–1;

σn is the mean squared deviation of the results of n tests 
of soil samples:
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where K0i is the value of the moisture conductivity coeffi-
cient for the i-th test.

The minimum number of tests of the same type of soil 
was accepted depending on the level of confidence probabil-
ity (reliability) PC of the desired value of the coefficient of 
moisture conductivity according to the formula:

2 2

min 2
,nt

n ασ=
ε

     (4)

where ε is the marginal error of determination of soil mois-
ture conductivity coefficient (estimation accuracy).

The minimum number of tests of the same type of soil 
was accepted according to the data in Table 1 [9].

Table	1

Minimum	required	number	of	soil	tests

Marginal error of estima-
tion in fractions σn (β)

Confidence probability PC 

0.7 0.8 0.9 0.95 0.99

1 3 4 5 7 11

0.5 6 9 13 18 31

0.4 8 12 19 27 46

0.3 13 20 32 46 78

0.2 29 43 70 99 171

Confidence probability was taken at the level of 
PC=0.95...0.99.

The cross-sectional area of the experimental soil sample 
in the flow direction was determined from the following 
formula, m2:

2

,
4
d

А
π

=       (5)

where d is the diameter of the experimental sample, m.
Next, the coefficient of moisture conductivity of the 

soil (m/s) was determined depending on the conditions of 
the experiment.

For the conditions of the experimental test “At constant 
head and constant flow”, the coefficient of moisture conduc-
tivity of the soil sample was determined from the following 
formula, m/s:

0 ,
Q

K
A i

=
⋅

     (6)

where Q is the flow rate of water passing through the sample 
per unit of time, g/s;

A is the cross-sectional area of the experimental sample, m2;
i is the hydraulic gradient of the sample.
The consumption of water passing through the sample per 

unit of time was determined from the following formula, g/s:

1 0 ,
m mm

Q
t t

−∆
= =
∆ ⋅ρ ∆ ⋅ρ

    (7)

where m0, m1 are, respectively, the initial mass and the mass 
of the water-saturated sample, g;

Δt is the water saturation time of the sample, s;
ρ is water density, g/m3.
The hydraulic gradient of the sample included in formu-

la (6) was determined from the following formula:

,
h

i
l
∆

=      (8)

where Δh is the difference in water pressure between mea-
surement points 1 and 2, m.

For the conditions of the experimental test “Growing 
downstream under decreasing head”, the coefficient of mois-
ture conductivity of the soil sample was determined from the 
following formula, m/s:

( )
1

2

0 ln ,tin out

in out t

ha a l
K

a a A t h

 ∆⋅
= ⋅ ⋅   + ⋅∆ ∆ 

 (9)

where αin, αout are the cross-sectional areas of the inlet and 
outlet pipes, respectively, m2;

Δht1, Δht2– water pressure above the leakage level, re-
spectively, at time points t1, t2, m.

Since the diameter of the intake (exhaust) pipes was 
known, their cross-sectional area was determined from the 
following formula, m:

( )

2

.
4

in
in out

d
а

π
=      (10)

For the conditions of the experimental test “Constant 
downstream under falling head”, the coefficient of moisture 
conductivity of the soil sample was determined from the 
following formula, m/s:

1
0

2

ln ,in t

t

a l h
K

A t h

 ⋅ ∆
= ⋅  

⋅∆ ∆ 
     (11)

where l is the length of the experimental soil sample, m.
In order to exclude gross measurement errors (misses), 

the smallest (biggest) values of tests of the same type of soil 
suspected of being wrong were evaluated according to the 
Dixon criterion (maximum difference method) according to 
the formulas:

02 01
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;
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K K
r

K K
−
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n

K K
r

K K
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where K01, K02, K03, …, K0(n-2), K0(n-1), K0n are the values of 
moisture conductivity coefficients of the same type of soil, 
arranged in ascending order.

The calculated values of the Dixon coefficients rmin (rmax) 
were compared with their critical values rα.

If the inequality rmin(max)<rα was fulfilled, then it was con-
sidered that there were no gross errors (mistakes) of the tests.

If rmin(max)>rα, then the smallest (largest) test values 
examined for gross errors (misses) were excluded from the 
statistical series for further research.

If the calculated values of rmin(max) coincided with the 
table value of rα, then the questionable test result was not 
excluded, and the experiment was repeated.

The coefficient of moisture conductivity of the soil, de-
termined for the test conducted with the temperature of the 
penetrating water Ttest, was converted into the correspond-
ing coefficient of moisture conductivity for an arbitrary 
temperature T using the correction coefficient α from the 
following formula, m/s:

0 0 ,T testK K= ⋅α      (13)

,test

T

η
α =

η
     (14)

where ηT is the viscosity of water for a given temperature T, 
determined from the following formula, mPa·s:

247.8/( 133)0.02414 10 .T
T

+η = ⋅    (15)

Calculation formulas (1) to (15) made it possible to 
determine the soil moisture conductivity coefficient in ac-
cordance with the requirements of the European standard 
ISO 17892-11:2019 (E).

The main problem of further practical application of the 
calculated values of soil moisture conductivity coefficients 
for predicting moisture accumulation in road construction 
is the non-compliance of their values and dimensions with 
those provided by existing calculation models. This creates 
significant difficulties in the development of infrastructure 
projects and necessitated the construction of a mathematical 
model to eliminate this discrepancy, which predetermined 
the next stage of our work.

5. 2. Determining the soil moisture conductivity co-
efficient based on mathematical modeling of moisture 
accumulation processes

The subsoil is moistened by two sources:
– passing rainwater;
– the rise of water in the subsoil layer from the ground-

water level.
In work [10], an equation was derived for determining 

the change in humidity in the soil under the condition that 
the action of capillary forces and gravity forces coincide 
(infiltration of water into the subsoil from above). For the 
practice of road construction, studies on moisture accumula-
tion in the soils of the lower part of the subsoil from the level 
of groundwater or water table, that is, when water moves 
from the bottom to the top, are of no less interest. It is this 
physical process for determining the coefficient of moisture 
conductivity K0 that was simulated at the NTU laboratory 
and described above.

In this case, the original differential equation of soil 
moisture change was written in the form:

2

1 02
.

W w
K K

W
t x x

∂ ∂ ∂
= − +

∂ ∂ ∂
   (16)

The K1 coefficient characterizes the diffusion transfer 
in relation to the movement of water in the capillary-porous 
body, the soil. The filtration coefficients determined for 
completely water-saturated soils by general conventional 
methods will not be identical to the filtration coefficients K0, 
which characterize the movement of water in the complex 
process of continuous changes in soil moisture percolating 
from the bottom up.

Boundary conditions were adopted for the solution to 
equation (16), based on the conditions of conducting experi-
mental tests of soil samples:

( ) 0,,0W x W=      (17)

( ) ,0, FHW t W=      (18)

( ) ., FHW H W∞ =     (19)

Equation (16) under boundary conditions (17) to (19) 
was solved by the operational method.

Using the Laplace transformation with respect to the 
variable t, the following relationship is obtained:

2

0 1 2
.K K

W W W
L L L

t x x

 ∂ ∂ ∂   = −     ∂ ∂ ∂     
  (20)

Since the transformation is applied with respect to the 
variable t, the transformation L from derivatives by coordi-
nates is equal to the derivative of the mapping, i.e.:

( ){ }

( ){ }

0

2

1 2

,

, .

W
L K L W x t

t x

K L W x t
x

∂ ∂   = −   ∂ ∂ 
∂

 −  ∂
 (21)

To display the transformed function, the notation 
L[W(x,τ)]=T(x,s) is adopted.

Then, in accordance with the order of setting the map-
ping for the derivative of the sought function, the ratio is 
obtained:

( ) ( ), , 0 .
W

L sT x s W x t
t

∂  = − = ∂ 
   (22)

The value W in relation (22) characterizes the increase 
in soil moisture compared to the initial moisture W(x, 0)=0.

Substituting (22) into (21), we get:

( ) ( ) ( )
2

1 02

, ,
, 0.

d T x s dT x s
K K sT x s

dx dx
− + − =   (23)

For further research, equation (23) was represented in 
the form:

( ) ( ) ( )1 0, , , 0.K T x s K T x s sT x s′′ + − =′−   (24)

The differential equation (24) for displaying the desired 
function is a linear equation with constant coefficients.

The characteristic equation for (24) is defined as:

2
1 0 0.K K sα − α+ =     (25)
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The roots of quadratic equation (25) are:

2

0 0
1,2

1 1 1

.
2 2
K K s
K K K

 
α = + ± − 

 
  .(26)

Since the sought-after function must increase with 
depth (as wetting occurs from the bottom up), only one root 
will satisfy the condition of the problem to be solved:

2

0 0
1

1 1 1

.
2 2
K K s
K K K

 
α = + + − 

 
   (27)

In this case, the expression for the function mapping was 
written as follows:

0 0

1 1 1

2

2 2

.

K K
х

K
s

KK

T C e

 
  
  ⋅    

 

+ + −

= ⋅    (28)

Coefficient C is determined on the basis of boundary 
condition (18), written in relation to the increase in soil 
moisture content:

 
( )

( ) ( )0 0

0,

.
FH

FH S S FH

W t W

W W W W W W

∆ = ∆ =

= − − − = −   (29)

It is obvious from equation (27) that C=T(0, s). However, 
the mapping from the constant A is equal to A/S. Accord- 

ingly, ( )0, .FHW
T s C

s
∆

= =  Taking into account the adopted  

notation 
1

0

2
K

Q
K

= , ratio (28) took the form:

2

1 .
s

x Q Q
KFHW

T e
s

 
+ +  


−

∆
= ⋅     (30)

For further research, dependence (30) is reduced to the form:  

2
1

1

.

x
Q K s

K
Qx

FH

e
T W e

s

+ −

+ ⋅= ∆    (31)

The original of the function in the mapping described by 
dependence (31) is defined as the relation: 

1

1

,

1

1

2
.

2

2

Qx

Qx

x t
H

Q

F

x

x
e erfc Q k

KW e
W

x
e erfc Q K

K

t
t

t
t

+ ⋅

−

  
 + +   ∆  ∆ =  

  
+ −      

  (32)

Under dependence (32):

1 1

1 1

1 ,
2 2

x x
erfc Q K ert t

t t
f Q K

K K

   
± = − ±      

   
 (33)

where 1

12

x
erf Q K t

tK

 
±  

 
 is the Gaussian integral for which  

there are special tables.
For the practice of road construction, not only the dy-

namic change of humidity over time is of interest but also 

the limit profile of humidity until the end of the period of 
moisture accumulation. The equation of this curve can be 
found from expression (32) at t→∞.

So:  

( )
( ),

0
.

2 0
F

QxQx

x t Qx
H

e ercfW e
W

e ercf
→∞ −

 −∞ +∆ ⋅
∆ =  

+ +∞  
  (34)

Since ercf(x)=1-erf(x), then:

( ) ( )
( ) ( )

1 1 1 2,

1 1 1 0.

erfc erf

erfc erf

 −∞ = − −∞ = + =


+∞ = − +∞ = − =
  (35)

Then: 

2
, 2 0

2
.FH

FH

Qx
Qx Qx Qx

x t

W e
W e e W e−

→∞

∆ ⋅  ∆ = + = ∆⋅ ⋅  (36)

Considering Q=K0/2K1, from (36) the following relation 
is obtained:

1

0

, .
x

t

K

x
K

FHW W e→∞∆ =∆     (37)

Based on the conditions of experimental tests, taking 
into account boundary condition (19), the following was 
obtained:

( )
0

1
0 .

H

FHH

K

K
FW W eW

⋅

= −     (38)

From formula (38), we derived the ratio for determining the 
coefficient of moisture conductivity (diffusion) of soils, m2/s:

0
1

0

.

ln FH

FH

Н

W
W

K

W

K ⋅
=

 
 − 

    (39)

Formula (39) makes it possible to obtain the value of the 
soil moisture conductivity coefficient K1 (m2/s) based on the 
values of the soil moisture conductivity coefficient K0 (m/s). 
The K0 coefficient (m/s) is calculated based on laboratory 
soil test data, using European approaches and standards.

5. 3. Results of a numerical experiment on the study of 
factors affecting the coefficient of moisture conductivity 
of the soil

On the basis of our results from experimental studies 
and the constructed mathematical model (39), a hypothesis 
was put forward regarding the existence of factors affecting 
the value of the soil moisture conductivity coefficient, in 
particular, the initial soil moisture W0 and its total moisture 
capacity WFH.

To confirm or refute this hypothesis, a numerical experi-
ment was conducted based on mathematical model (39). The 
essence of the experiment was to study the influence of the 
initial humidity W0 and the total moisture content of soils 
WFH on the value of their coefficient of moisture conductiv-
ity K1 (m2/h).

During the numerical experiment, the value of the initial 
soil moisture W0 varied in the range from 0.08 to 0.15, and 
the value of the total moisture content of soil WFH – in the 
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range from 0.15 to 0.5. The choice of such ranges of changes 
of the investigated factors is due to the fact that they are the 
most characteristic for the investigated subsurface soils.

A fragment of the results of our numerical experiment is 
shown in Fig. 5.

Analysis of the dependence of coefficient of moisture con-
ductivity of soils on their total moisture capacity WFH (Fig. 5) 
makes it possible to draw a conclusion about the inverse rela-
tionship between the total moisture capacity of soils WFH and 
their coefficient of moisture conductivity K1 (m2/h). That is, 
with an increase in the values of the total moisture capacity of 
soils WFH, the values of their moisture conductivity coefficient 
K1 will decrease. This means that heavy clay and loamy soils 
will have lower values of the coefficient of moisture conduc-
tivity K1 than similar values of light sandy and sandy soils. 
This feature should be taken into account during the design 
and construction of the ground surface of the road structure.

At the same time, there is a direct relationship between 
the initial moisture content of soils WFH and their coefficient 
of moisture conductivity K1 (m2/h). That is, as the value of 
initial soil moisture WFH increases, the value of its moisture 
conductivity coefficient K1 also increases. This feature should 
be taken into account during the construction and operation 
of the road structure in different periods of the year.

 5. 4. Verification of the mathematical model using an 
example of determining the coefficient of moisture con-
ductivity of sandy soil

In order to test our mathematical model for determining 
the coefficient of moisture conductivity of soils (39), a series 
of test comparisons with data obtained by other authors and 
given in the literature [10] was carried out.

Below are the results of a comparison of the values of the 
coefficient of moisture conductivity of sandy soil, obtained 
on the basis of the proposed mathematical model (39), as 
well as on the basis of the integration method and the calcu-
lation formula given in work [10]:

2

1 2
,

4 FH

q
K

W
π

= ⋅
∆ τ

     (40)

where q is the amount of moisture absorbed through a unit of 
the sample surface in a certain time τ;

( )0 ,FH FHW W W∆ = −  WFH – volumetric soil moisture near 
the surface, through which moistening is carried out;

W0 is the initial volumetric moisture content of the soil 
sample.

The following raw data were used for the comparative 
analysis:

1. The type of soil is light sandy loam.
2. Type of test conditions: “Constant downstream under 

falling head”.
3. Water temperature Ttest=18 °C.
4. Sample diameter d=0.096 m.
5. The distance between measurement points 1 and 2 in 

the direction of the flow is l=0.12 m.
6. The diameter of the intake pipe din=0.006 m.
7. Initial soil moisture W0=0.1.
For this type of soil (sandy loam), 10 laboratory sam-

ples were formed and their experimental study on moisture 
conductivity was carried out according to the methodology 
described above.

The minimum number of tests at which the marginal 
error of the estimate ε will not exceed the mean square de-
viation σn for a single sample at the level of confidence prob-
ability PC=0.95 will be nmin=7 (β=1) (Table 1). Therefore, 
it can be considered that the number of tests n=10 is quite 

sufficient to obtain the value of the 
moisture conductivity coefficient with 
a confidence probability PC=0.95. The 
results of experimental measurements 
and calculated values of soil moisture 
conductivity coefficients (in ascending 
order), derived from formula (11), are 
given in Table 2.

The total soil moisture capacity 
WFH was determined based on the 
fact that the compaction coefficient 
Kу was adopted. Maximum (standard) 
density of dry soil is max 1.76dρ =  g/cm3. 
Thus, the density of dry soil was taken 
as ρd=1.67 g/cm3.

The total soil moisture content WFH 
was determined from the ratio: 

1 1
,FH

sk s

W = −
ρ ρ

  (41)

ρs – density of soil particles: for sandy 
loams – 2.68 g/cm3; for loams – 2.7 g/cm3; 
for clays – 2.72 g/cm3.

Thus, the full moisture capacity of the studied soil de-
rived from formula (41) is accepted as WFH=0.22.

The initial soil moisture was W0=0.1.
From formula (39), the value of the moisture conductiv-

ity coefficient of the soil (sandy) was determined and com-
pared with the values obtained from formula (40) and on the 
basis of the integral method [10]. The results of calculations 
and comparisons are given in Table 3.

Table 3 demonstrates that the values of soil moisture 
conductivity coefficient (m2/h) obtained by the proposed 
mathematical model in the form of analytical formula (39) 
are in good agreement with similar results obtained by the 
integral method and from formula (40) [10]. At the same 
time, better agreement of the proposed model (39) is ob-
served with the integral method (relative error – 4.5 %) than 
with formula (40) (relative error – 12.98 %).

Fig.	5.	Dependence	of	the	coefficient	of	moisture	conductivity	of	soils	on	their	
initial	moisture	W0	and	the	total	moisture	capacity	WFH
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Table	2

Results	of	experimental	measurements	and	soil	moisture	
conductivity	coefficients	calculated	from	formula	(11)

Sam-
ple 
No. 

Amount 
of water 
absorbed 

by the 
sample, g

The time it 
took for the 
water to be 
absorbed by 
the sample, s

Indicators of the 
water level of the 

pesometer at a 
point in time, m

Calculated 
coefficient 
of moisture 

conductivity, 
m/s 10-8t1 t2

1 96.9 420 0.71 0.6976 1.96788

2 97.3 422 0.71 0.6975 1.96796

3 98.5 427 0.71 0.6974 1.96817

4 99.4 431 0.71 0.6973 1.96834

5 100.3 435 0.71 0.6971 1.9685

6 101.5 442 0.71 0.6970 1.9598

7 103.1 447 0.71 0.6968 1.969

8 103.8 450 0.71 0.6967 1.96913

9 104.7 454 0.71 0.6966 1.96929

10 108.9 472 0.71 0.6961 1.97004

Mean 101.5 440 0.71 0.697 1.96781

Table	3

Calculated	values	and	relative	deviations	of	the	coefficient	
of	moisture	conductivity	of	sandy	soil,	obtained	from	

formula	(39),	by	the	integral	method,	and	from	formula	(40)

Indicator
Formula 

(39)
Integral 
method

Formula 
(40) 

Value of soil moisture conductivi-
ty coefficient (sandy loam), m2/h

1.07909·10-5 1.03·10-5 9.39·10-6

Relative deviation, %

Formula (39) – 4.5 12.98

Integral method 4.5 – 8.83

Formula (40) 12.98 8.83 –

6. Discussion of results related to the possibilities of 
using them in the engineering practice for designing and 

building highways

A method for determining the coefficient of moisture con-
ductivity of soils reported in our work in the form of mathemat-
ical model (39) makes it possible to move away from outdated 
methods and adapt existing methods for determining moisture 
accumulation in soils during the annual cycle to European ap-
proaches and standards. A special feature of our model, unlike 
existing ones [10], is that it is based on classical equations of 
hydrodynamics but constructed under the condition of model-
ing the movement of water from the bottom up, which reflects 
the process of moisture accumulation in the lower layers of 
the subsoil from groundwater or surface water. On the other 
hand, mathematical model (39) makes it possible to express 
the soil moisture conductivity coefficient K1, which charac-
terizes the diffusion movement of water, through the filtration 
coefficient K0, calculated in accordance with the requirements 
of the European standard ISO 17892-11:2019 (E) [8]. The 
coefficient K0 was determined based on the data on laboratory 
tests of soils, which were carried out on a measuring bench 
to determine the moisture conductivity of soils (Fig. 1–4) in 
accordance with the requirements of the European standard 
ISO 17892-11:2019 (E) [8]. The adequacy of mathematical 
model (39) was confirmed by the results of comparisons with 
the data by other authors [10] (Table 3). At the same time, a 
good agreement of mathematical model (39) with the integral 

method (the relative error did not exceed 4.5 %) and with 
formula (40) (the relative error did not exceed 12.98 %) was 
obtained. This gives every reason to recommend the proposed 
mathematical model (39) for determining the soil moisture 
conductivity coefficient K1 (m2/s) in the engineering practice 
of road construction.

Based on our numerical experiment, an inverse relationship 
between the total moisture capacity of soils and their coeffi-
cient of moisture conductivity, as well as a direct relationship 
between the initial moisture of soils and their coefficient of 
moisture conductivity, was established. Corresponding graph-
ical dependences (Fig. 5) have been built, which could be used 
during the design of the ground surface of road structures, as 
well as to determine the main parameters of drainage layers.

However, one of the limitations of the application of the 
mathematical model (39) built is the equality of the initial 
soil moisture W0 to its total moisture capacity WFH. That is, 
the value of initial soil moisture should be less than its full 
moisture content W0<WFH. Also, when conducting laborato-
ry tests of soil samples, according to ISO 17892-11:2019 (E), 
the maximum size of its particles should not exceed 1/6 of 
the minimum internal size of the permeameter. If larger 
particles are present, a larger permeameter should be used or 
larger particles should be removed [8].

Regarding the shortcomings of the proposed study, 
the results of determining the coefficient of moisture con-
ductivity K0 were obtained for the water temperature that 
corresponds to the conditions of the warm season. In the 
future, we shall continue research into moisture migration 
conditions with increased viscosity.

Further area of research is to devise methods for forecast-
ing moisture accumulation in subsurface soils during the an-
nual cycle, taking into account the mathematical model (39). 
Based on the determined humidity, the stress-deformed state 
of road structures with drainage layers, calculated using the 
soil moisture conductivity coefficient (39) in accordance with 
the requirements of European standards, will be investigated. 
Difficulties that can be encountered when solving these prob-
lems are related to the need to take into account a number of 
factors, such as the amount of rain runoff, water evaporation, 
peculiarities of the granulometric composition of local soils, 
the influence of heavy transport, etc.

From the point of view of engineering practice, the re-
sults reported in our work will make it possible to improve 
the working conditions of the road surface and ensure its 
more rational use in terms of strength over time due to the 
regulation of the water-thermal regime of the ground sur-
face. In the end, this will make it possible to increase the 
strength and extend the service life of the road structure, as 
well as reduce the final cost of its construction.

7. Conclusions 

1. Experimental studies of soil moisture conductivity 
processes were carried out on a measuring bench, in ac-
cordance with the requirements of the European standard 
ISO 17892-11:2019 (E). Based on the statistical generaliza-
tion of laboratory test data of soil samples, the value of their 
coefficients of moisture conductivity K0 in the range from 
2.49·10-9 to 1.75·10-7 m/s was derived. The resulting dimen-
sions of the soil moisture conductivity coefficient K0 (m/s) 
do not correspond to those provided by existing calculation 
models for predicting moisture accumulation in the road 
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structure K1 (m2/s). This necessitated the construction of a 
mathematical model to eliminate this discrepancy.

2. A mathematical model has been proposed for deter-
mining the coefficient of moisture conductivity of soils 
K1 (m2/s) based on the coefficient of moisture conductivity 
of soils K0 (m/s), obtained from the data on laboratory tests 
of soils using the requirements of the European standard  
ISO 17892-11:2019 (E). The mathematical model was built 
on the basis of the differential equation of changes in soil 
moisture during the movement of water from the bottom up, 
which describes the process of moisture accumulation in the 
soils of the lower part of the subsoil from the level of suprag-
lacial (soil) waters or head water. The adopted boundary con-
ditions correspond to the physical content of the experiment.

3. It has been established that there is an inverse relation-
ship between the coefficient of soil moisture conductivity 
K1 (m2/h) and its total moisture capacity WFH. At the same 
time, there is a direct relationship between the coefficient 
of moisture conductivity of soils K1 (m2/h) and their initial 
moisture content W0. Dependences were obtained in the 
range of changes in initial soil moisture W0 from 0.08 to 0.15 
and total soil moisture content WFH from 0.15 to 0.5. It was 
established that the values of the coefficient of moisture con-
ductivity K1 of soils increase from 4.64·10-6 to 3.81·10-5 m2/h 
with an increase in their initial humidity and a decrease in 
total moisture capacity. That is, heavy clay and loamy soils 
have lower values of the coefficient of moisture conductiv-
ity than similar values of light sandy and sandy soils. This 
feature should be taken into account during the design and 
construction of the subgrade of the road structure, as well as 
during its operation in different periods of the year.

4. The results of the comparison showed a good agreement 
of the proposed mathematical model with the integral method 
(the relative error did not exceed 4.5 %) and with formula (40) 

(the relative error did not exceed 12.98 %). This makes it 
possible to recommend the proposed mathematical model for 
determining the coefficient of moisture conductivity of soils 
K1 (m2/s) in the engineering practice of road construction. The 
method proposed in our work makes it possible, in the first ap-
proximation, to give a forecast of the soil moisture of the ground 
layer, arranged from local soils; estimate the possible value of 
its subsidence and give, based on the moisture forecast, an esti-
mate of the possible strength of road structures.
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