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ABSTRACT�The article presents the derivation of similarity criteria for laminar, turbulent, and transitional regimes of 
fi ltration fl ow in pipeless French drain systems. In recent years, coarse-grained materials have been widely 

used in the construction of railway embankments to protect slopes from erosion and wash-outs and to build fi lter trenches. The 
patterns of fi ltration fl ows in both cases are the same as in pipeless French drainage systems; however, not all of the calcula-
tion dependencies required for practical use can be obtained theoretically, and it is then necessary to use either mathematical 
methods or, more often, physical modelling. In particular, it is not possible to theoretically obtain dependencies for determining 
fl ow depths when there is no water level at the downstream end of the outlets. Until now, research has been conducted primarily 
by hydraulic engineers for fi ltration fl ows through embankment dams. In this case, the fi ltration usually behaves as a laminar 
fl ow. In the outlet sections of fi lter trenches and pipeless drains, the fl ow is generally turbulent, while at the section just before 
the outlet the fl ow is transitional. Until recently, these cases remained outside the focus of fi ltration specialists. There were 
no criteria for modelling. In this article, these criteria are derived from the equations of fi ltration fl ow motion in drains for all 
three regimes: laminar, transitional, and turbulent. Verifi cation of the obtained similarity criteria was carried out for a 14 metre 
long pipeless French drain laid in a trough. The article presents a water surface profi le designed using a theoretically justifi ed 
calculation relationship. The same fi gure also shows points obtained by measurements in specifi c sections of the fi ltration fl ow 
in the trough. As can be seen from the fi gure, the agreement of the results is quite satisfactory.

KEYWORDS:� pipeless French drain; fi lter trench; fi ltration fl ow; modelling criteria; fi ltration regime; physical model-
ling; hydraulic calculation; crushed stone; railway earthworks

For citation: Shtykov V.I., Ponomarev A.B., Smagin R.F. Criteria for modelling fl ow movement in fi ltering structures of railway 
earthworks. BRIСS Transport. 2026;5(1):3. https://doi.org/10.46684/2026.1.3. EDN: QCPHQB.

Научная статья

Критерии моделирования при движении потоков в фильтрующих 
сооружениях земляного полотна
В.И. Штыков1, А.Б. Пономарев2�, Р.А. Смагин3

1, 2, 3 Петербургский государственный университет путей сообщения Императора Александра I (ПГУПС); г. Санкт-Петербург, Россия
1 shtykov41@mail.ru
2 pol1nom@yandex.ru�; https://orcid.org/0000-0003-3800-0949
3 vvig@pgups.ru

АННОТАЦИЯ''Представлен вывод критериев подобия при ламинарном, турбулентном и переходном режимах 
движения фильтрационного потока в бесполостных дренах. В последние годы при строительстве 

земляного полотна железных дорог находят широкое применение крупнозернистые материалы для защиты откосов от 
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INTRODUCTION

Over the last 20 years, coarse-grain materials have 

been increasingly in use in railway construction in Rus-

sia for building fi lter trenches that are nothing more 

than a pipeless French drainage system. In a pipeless 

French drain, the water-conveying cavity is fi lled with 

high-fi ltration, coarse-grained material [1–5]. Coarse-

grained materials are also used to protect slopes of 

earthworks against erosion and wash-outs. The pat-

terns of fi ltration fl ow movement in both cases are 

the same as in the case of a pipeless French drainage 

system. However, it is not always possible to theoreti-

cally obtain the required calculation dependencies for 

practical use, and it is then necessary to use experi-

mental research methods. In particular, it is not pos-

sible to theoretically obtain relationships for determin-

ing depths at the outlets of the fl ows when no water 

level on the downstream side is available. Hydraulic 

engineers dealing with fi ltration fl ows in embankment 

dams were the fi rst to face the problem. All solutions 

were mainly obtained by physical modelling. Howev-

er, it should be noted that in soils the fi ltration fl ow is 

laminar. Transitional fl ow prevails in coarse-grained 

materials, and turbulent fl ow is usually found in out-

let sections. For some time, these cases have not been 

given focus.

In railway transport, pipeless French drainage sys-

tems are built using the same fractions as those used 

for the ballast section. The results of the calculations 

show [4] that due to low slopes of railway tracks and, 

hence, those of pipeless drains that are laid with the 

same gradient, the fl ow is transitional along a signifi -

cant portion of the drain length. Consequently, the hy-

draulic calculation of pipeless drains should use a dif-

ferential equation in the following form:

 
( )2 2
2 2

,
L T

qdh q
i S S

dS K K

′′
= − ⋅ − ⋅

⋅ ω ⋅ ω
 (1)

where h is the depth of the fi ltration fl ow in a given 

fl ow section, m; i is the slope of the bottom of the pipe-

less drain; q′ is the specifi c infl ow to the drain, m2/s; S 

is the distance from the drain head to the section in 

question, m; К
L
 and К

T
 are the permeability coeffi  cients 

of the fi ll material for laminar and turbulent fl ows, re-

spectively, m/s; and ω is the fi ltration fl ow section area 

in the given fl ow section, m2 (Fig. 1).

Equation (1) is only solved for four shapes of the 

cross-section of a pipeless French drain: rectangular, 

размывов и сплывов и при устройстве фильтрующих прорезей. Закономерности движения фильтрационных потоков в 
обоих случаях те же, что и в бесполостном дренаже, однако не все необходимые для практиков расчетные зависимости 
могут быть получены теоретическим путем, и тогда приходится использовать методы либо математического, но чаще всего 
физического моделирования. В частности, не представляется возможным теоретическим путем получить зависимости для 
определения глубин потоков, когда со стороны устьев уровень воды в нижнем бьефе отсутствует. До настоящего времени 
исследования проводились в основном гидротехниками для фильтрационных потоков через грунтовые плотины. При этом 
имеет место обычно ламинарный режим фильтрации. В устьевых участках фильтрующих прорезей и бесполостных дрен 
имеет место, как правило, турбулентный режим, а перед устьевым участком — переходный. Эти случаи до последнего време-
ни оставались вне поля зрения специалистов по фильтрации. Критерии моделирования отсутствовали. В статье эти критерии 
получены из уравнений движения фильтрационных потоков в бесполостных дренах для всех трех режимов: ламинарного, 
переходного и турбулентного. Проверка полученных критериев подобия была проведена для бесполостной дрены длиной 
14 м, уложенной в лоток. Приведена кривая свободной поверхности, построенная с использованием теоретически обосно-
ванной расчетной зависимости. На этом же рисунке нанесены точки, полученные путем измерения глубин в определенных 
сечениях фильтрационного потока в лотке. Как следует из рисунка совпадение результатов вполне удовлетворительное.

KЛЮЧЕВЫЕ'СЛОВА: бесполостная дрена; фильтрующая прорезь; фильтрационный поток; критерии моде-
лирования; режим фильтрации; физическое моделирование; гидравлический расчет; 
щебень; земляное полотно.

Для цитирования: Штыков В.И., Пономарев А.Б., Смагин Р.А. Критерии моделирования при движении потоков в фильтру-
ющих сооружениях земляного полотна // Транспорт БРИКС. 2026. Т. 5. Вып. 1. Ст. 3. https://doi.org/10.46684/2026.1.3. EDN: 
QCPHQB.
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Fig. 1. Design model of water movement in a pipeless drain



3TRANSPORT ECOSYSTEM: SOCIETY, STATE, AND GLOBAL CHALLENGES

VOL. 5                     ISSUE 1                     2026

triangular, trapezoidal, and combined. Besides, pipe-

less drains are longer and as the fl ow rate and velocity 

of the fi ltration fl ow in a pipeless drain increase, seep-

age often goes through all the three fl ow regimes, from 

laminar to turbulent. Each regime has its own similar-

ity criteria, and all the criteria can be obtained by us-

ing equation (1). This is due to the fact that under a 

certain regime, each right-hand term of the equation is 

the principal member [5]. Let us use this to derive the 

necessary similarity criteria. It is particularly relevant 

to obtain calculation dependencies for determining 

cross-sectional shapes such as triangular, at the outlet 

sections of a drain.

Determining h
с
 for a pipeless French drainage is 

similar to fi nding the seepage interval for groundwa-

ter [6] that seeps through an earth coff erdam with no 

backwater on the downstream side. In general, the 

structure of the formula for seepage height h
s
 (an ana-

logue of h
с
) looks as follows:

 c ,
L

q
h

K

′
= β ⋅  (2)

where β is the coeffi  cient; and q′ is the specifi c fl ow rate 

across the seepage area, m2/s.

The coeffi  cient β varies over a wide range. Thus, in 

[6–8], β is equal to 0.44, and according to P.Ya. Polubar-

inova-Kochina, β is equal to 0.74. According to V.A. Ion-

at, for drains laid on impervious material, β is equal to 

0.5. All this suggests that physical model-based studies 

are necessary, which requires similarity criteria.

An example of using similarity criteria in an analy-

sis of the fl uid fl ow in granular layers is found in [9].

Papers [10–12] discuss hydrogeological models that 

resemble the fl ow in a pipeless French drainage sys-

tem. More data on turbulent fi ltration fl ow is found in 

[13]. Articles [14, 15] provide additional information 

about the height of the seepage interval, a known value 

of which allows for the correct assessment of the posi-

tion of depression curves in various cases, as will be 

shown in this work.

FINDINGS

Testing equation (1) confi rms that in the case of a 

laminar fl ow, the role of the last term is very small due 

to the low fi ltration velocity, and then, with an accura-

cy quite suffi  cient for practical purposes, the fi ltration 

fl ow movement obeys the following equation written 

for a drain of rectangular cross-section:

 ,
L

dh q
i S

dS K b h

′
= − ⋅

⋅ ⋅
 (3)

where b is the drain width; and h is the water depth in 

the cross-section in question.

Then for both actual and model conditions, we get:

 ;
A

A A
A A

A L A A

dh q
i S

dS K b h

′
= − ⋅

⋅ ⋅
 (4)

 .
M

M M
M M

M L M M

dh q
i S

dS K b h

′
= − ⋅

⋅ ⋅
 (5)

Let us introduce to equation (4) the scaling factors 

for the similarity of the actual fl ow to the model fl ow 

in a pipeless French drain:

A
S

M

S
S

α =  — for fl ow length;

A
b

M

b
b

α =  — for fl ow width;

A
h

M

h
h

α =  — for fl ow depth;

A
L

M

L
K

L

K

K
α =  — for fi ltration coeffi  cients in laminar 

fl ow;

A
i

M

i
i

α =  — for drain slopes; and

A
q

M

q
q′
′

α =
′

 — for specifi c infl ow to the drain.

If we model without scale distortion, then α
S
 = α

h
 = α

b
 

and α
i
 = α

A
/α

M
 = 1.

In equation (4), let us express all the characteristics 

of the fl ow using the corresponding characteristics of 

the model fl ow and the scaling factors:

 
.

L M

h A
i M

S A

q M
S M

K L b M h M

dh
i

dS
q

S
K b h

′

α
⋅ = α ⋅ −

α
′α ⋅

− ⋅ α ⋅
α ⋅ ⋅ α ⋅ ⋅ α ⋅

 (6)

According to the hydraulic modelling theory, the 

relationships between like forces at all homologous 

points of the actual and model fl ows are the same. Fol-

lowing this rule, we divide each term of equation (6) 

by the corresponding term in equation (5) and equate 

the results. As a result, after making the appropriate 

reductions of the equal-magnitude scaling factors and 

substituting the remaining scaling factors with their 

expressions in terms of characteristics of the actual 

and model fl ows, we obtain:

 or idem
A M

A M
L

L A L M L

q q q
U

K b K b K b

′ ′ ′
= = =

⋅ ⋅ ⋅
 (7)
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for both the actual and model fl ows at all homologous 

points. When condition (7) is satisfi ed, model fl ow 

depth h
M

 at any homologous fl ow section will be simi-

lar to the actual fl ow, i.e.:

h
A
 = α

h
 · h

M
.

At the head of a pipeless French drain with small 

bottom slopes, the fi ltration fl ow is usually laminar, 

while at the outlet it is turbulent. The fl ow between the 

head and the outlet section of the drain is transitional. 

Let us fi rst obtain the modelling criteria for the turbu-

lent regime and then move on to the transitional one. 

As was mentioned above, in the case of a turbulent fi l-

tration fl ow in a pipeless French drain, equation (1) for 

a rectangular cross-section is as follows:

 
( )2 2

2 2 2
.

T

qdh
i S

dS K b h

′
= − ⋅

⋅ ⋅
 (8)

After doing all the necessary rearrangements and 

reasoning as in the case of the laminar fl ow, we fi nally 

obtain the following similarity criteria for the turbu-

lent fl ow:

 idem.T
T

q
U

K b

′
= =

⋅
 (10)

The mechanical similarity of fl ows will be main-

tained if criterion (9) is rewritten as follows:

 idem.T
T

q
U

K b

′
= =

⋅
 (10)

In the case of a transitional fl ow, all the terms in 

equation (1) are signifi cant, albeit to a diff erent degree, 

depending on to which of the two critical Reynolds 

numbers (Re
L
 for laminar fl ow and Re

т
 for turbulent 

fl ow) Re is closer in magnitude for a given fl ow section 

of the fi ltration fl ow in a pipeless drain.

Let us write equation (1) for a pipeless Frencdrain 

of rectangular cross-section in full, in order to obtain 

similarity criteria for the transitional regime for both 

the actual and model fl ows:

( )2 2
2 2 2

;
A A

AA A
A A A

A L A A T A A

qdh q
i S S

dS K b h K b h

′′
= − ⋅ − ⋅

⋅ ⋅ ⋅ ⋅
 (11)
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2 2 2

.

M
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M
T M M

dh q
i S

dS K b h

q
S

K b h

′
− − ⋅ −

⋅ ⋅

′
− ⋅

⋅ ⋅

 (12)

Using the scaling factors introduced earlier and giv-

en that α
i
 = 1 and α

S
 = α

h
 = α

b
, we rewrite equation (11) 

for the actual fl ow to express in it all the characteristics 

of the fl ow using the corresponding characteristics of 

the model fl ow and all the scaling factors:

( )22
2 2

2 2 2 2 2 2
.

L M

T M

h A

S A

q M
i M S M

K L b M h M

q M
S M

K K b M h M

dh
dS
q

i S
K b h

q
S

K b h

′

′

α
⋅ =

α
′α ⋅

= α ⋅ − ⋅ α ⋅ −
α ⋅ ⋅ α ⋅ ⋅ α ⋅

′α ⋅
− ⋅ α ⋅
α ⋅ ⋅ α ⋅ ⋅ α ⋅

 (13)

By viding all the terms of equation (13) term by 

term by the corresponding terms of equation (12) and 

equating them with each other, and after making the 

appropriate reductions, we obtain the following ex-

pression:

 2

idem

idem

L
L

T
T

q
U

K b

q
U

K b

′ ⎫= = ⎪⋅ ⎪
⎬⎛ ⎞′ ⎪= =⎜ ⎟ ⎪⋅⎝ ⎠ ⎭

 (14)

However, criteria (14) can only be met simultane-

ously if the scaling factors α
KL

 and α
KT

, are equal, which 

is hard to achieve in practice. The discussion above 

shows that if a transitional fl ow is present in a pipe-

less French drain, then at the outlet section, where the 

fl ow rate is maximum and the water depth is minimal, 

the fl ow is either turbulent or close to turbulent. In 

this case, as a result of modelling, it is suffi  cient to en-

sure that values of criterion U
T
 in the actual and model 

fl ows are equal for the turbulent regime.

For a hydraulic calculation of pipeless French 

drains, we have obtained calculation relationships 

in order to design water surface profi les, including 

the transitional fl ow for the following cross-sections 

(rectangular, triangular, trapezoidal, and combined). 

The calculation relationship for the rectangular cross-

section was obtained fi rst. Then it was established that 

the surface profi le shape does not depend on the move-

ment regime throughout the drain length. Fig. 2 shows 

Valeriy I. Shtykov, Andrey B. Ponomarev, Roman F. Smagin
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Fig. 2. Calculated surface profi le in a pipeless French drain 
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a surface profi le designed on the basis of the calcula-

tion by the formula derived for the transitional regime 

for bottom slope i = 0, and test points are plotted in 

the same fi gure. The calculated surface profi le was de-

signed for a pipeless French drain laid in a trough, and 

the calculations took into account the eff ect of near-

wall fi ltration. The experimental and calculated data 

agree well with each other. Table 1 shows the charac-

teristics of crushed stone, and Table 2 lists the relative 

lengths of sections with diff erent fi ltration regimes as a 

percentage of the total length of the experimental pipe-

less drain. It is no coincidence that all researchers only 

sought to obtain relationships for determining seepage 

height h
S
, and in this case, it is the water depth at the 

drain’s outlet. Here, only one similarity criterion is re-

quired.

The following designations are used in Table 1: d
17

 

is the diameter of particles, fi ner than which 17 per 

cent, by mass, of particles are contained in crushed 

stone; η is the coeffi  cient of heterogeneity (grain size 

inhomogeneity) of crushed stone; ψ is the coeffi  cient 

of particle shape; n is porosity; d
u
 is the calculated 

diameter of the fi ltration passage; с
0
 is the Chezy co-

effi  cient; and Re
L
 and Re

T
 are the critical Reynolds 

fi gures for laminar fl ow and turbulent fl ow, respec-

tively.

Table 2 shows the dimensions of drain sections with 

diff erent fl ow regimes.

CONCLUSIONS

1. All the problems of fi ltration for determining the 

water depth at outlet sections of fl ows use calculation 

relationships obtained experimentally, and for laminar 

fi ltration fl ow only. In the case of fi lter trenches in rail-

way earthworks and pipeless French drainage systems, 

the fl ow regime at the outlet is usually either transi-

tional or turbulent. No similarity criteria for these cas-

es have been obtained earlier.

2. When slopes of pipeless French drains and fi lter 

trenches are small, which is the case for railways, a 

turbulent regime is found at the outlets of drains and 

fl ows. In this case, only one criterion is to be observed 

in modelling. Considering that in outlet sections, fl ow 

velocities are the highest and under certain conditions 

seepage damage (contact erosion) is possible, it is im-

portant to be able to determine the fl ow depth at the 

drain outlet. There are no theoretical calculation re-

lationships for determining h
с
, but fl ow depths at the 

outlet of pipeless French drain systems h
с
 can be deter-

mined by modelling.
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