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ABSTRAC The article presents the derivation of similarity criteria for laminar, turbulent, and transitional regimes of

filtration flow 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 filter trenches. The
patterns of filtration flows 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
flow 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 filtration flows through embankment dams. In this case, the filtration usually behaves as a laminar
flow. In the outlet sections of filter trenches and pipeless drains, the flow is generally turbulent, while at the section just before
the outlet the flow is transitional. Until recently, these cases remained outside the focus of filtration specialists. There were
no criteria for modelling. In this article, these criteria are derived from the equations of filtration flow motion in drains for all
three regimes: laminar, transitional, and turbulent. Verification 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 profile designed using a theoretically justified
calculation relationship. The same figure also shows points obtained by measurements in specific sections of the filtration flow
in the trough. As can be seen from the figure, the agreement of the results is quite satisfactory.
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pa3MbIBOB M CM/bIBOB M NPU YCTPOICTBE DUALTPYIOLWMX NPOpe3eit. 3aKOHOMEPHOCTU ABUKEHUS GUILTPALMOHHbLIX MOTOKOB B
060mMx Ccyyasnx Te xe, YTo M B 6eCNoNOCTHOM LpeHaxe, 0fHAKO He BCe HEOBXOAMMbIE AN NPAKTUKOB PacyeTHble 3aBUCMMOCTH
MOTYT BbITb MONYYEHbI TEOPETUYECKMUM MYTEM, U TOTAA NPUXOLUTCS UCMONb30BaTb METOAbI IM60 MAaTEMATUUYECKOTrO, HO Yalle BCEro
bU3nYeCcKoro MoAenmMpoBaHus. B 4acTHOCTH, He NPELCTaBNSETCS BO3MOXHbBIM TEOPETUYECKMUM NYTEM MOMYYWUTb 3aBUCUMOCTM AN
onpeaenexHus rnybuH NoTOKOB, KOFAA CO CTOPOHbI YCTbEB YPOBEHb BOAbI B HMKHEM Bbede oTCyTCTBYET. [lo HACTOSLWEro BpeMEH!
MccnefoBaHUs MPOBOAMIUCH B OCHOBHOM M'MAPOTEXHUKAMM ANt GUALTPALMOHHbBIX MOTOKOB Yepes rpyHTOBbIE MAOTUHLI. [1pK 3TOM
MMEET MeCTO 06bIYHO TAMUHAPHbIA peXxXMM GUALTPaLMK. B yCTbeBbIX yu4acTKax hULTPYOLMX Npopeseit U 6ecnonoCTHbIX ApeH
MMeeT MeCTo, KaK NpaBuo, TYpBYNEeHTHbIN PEXUM, a Nepes, YCTbeBbIM YYaCTKOM — MEPEXOAHbIN. DTU ClydYan 40 NOCIEeAHETO BpeMe-
HU OCTaBaUCb BHE MONS 3PEHMS CMELMaNUCTOB No dunsTpaumu. Kpurtepum MoLenupoBaHus oTCyTCTBOBANW. B cTaTbe 3TU KpUTepun
MOJYYEHbI U3 YPABHEHUI ABUXKEHMS DUNBTPALMOHHBIX MOTOKOB B GECMONOCTHBIX APEHAX A1 BCEX TPEX PEXMMOB: TAMUHAPHOTO,
nepexoLHOro U TypbyneHTHoro. [poBepka NoayYeHHbIX KpUTepUEB Noao6usa Gbina NpoBeaeHa A1 6eCNoNOCTHOM ApeHbl ANUHOM
14 M, ynoxeHHol B oToK. [puBeaeHa KpyBas CBO604HONM NOBEPXHOCTH, MOCTPOEHHAS C UCMO/b30BAHWEM TEOPETUYECKM 060CHO-
BaHHOM pacyYeTHOM 3aBUCMMOCTU. Ha 3TOM Xe pUCYHKE HaHEeCEHbI TOUKM, NMONYYEHHbIE NYTEM U3MEPeHUs IYBUH B OnpeseneHHbIX
ceyeHunsax GUNbLTPaLMOHHOIO NOTOKA B N10TKe. Kak creayeT U3 pucyHKa COBMafLEHWEe pe3y/bTaToB BMOJIHE YA0BNETBOPUTENLHOE.
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[na uutuposanus: Limeikoe B.M., [ToHomapes A.b., CmazuH PA. Kputepun MoaenuMpoBaHus Npu ABUMXKEHUM MOTOKOB B QUALTPY-
IOLLMX COOPYXeHUsX 3emnsHoro nonotHa // Tpancnopt BPUKC. 2026.T. 5. Bein. 1. CT. 3. https://doi.org/10.46684/2026.1.3. EDN:
QCPHQOB.
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INTRODUCTION

hence, those of pipeless drains that are laid with the
same gradient, the flow is transitional along a signifi-

Over the last 20 years, coarse-grain materials have
been increasingly in use in railway construction in Rus-
sia for building filter trenches that are nothing more
than a pipeless French drainage system. In a pipeless
French drain, the water-conveying cavity is filled with
high-filtration, 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 filtration flow 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 flows when no water
level on the downstream side is available. Hydraulic
engineers dealing with filtration flows in embankment
dams were the first to face the problem. All solutions
were mainly obtained by physical modelling. Howev-
er, it should be noted that in soils the filtration flow is
laminar. Transitional flow prevails in coarse-grained
materials, and turbulent flow 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,
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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
ﬂ:l‘— q X _ (q) ~S2 (1)
ds K, o K?-o?

where h is the depth of the filtration flow in a given
flow section, m; i is the slope of the bottom of the pipe-
less drain; g’ is the specific inflow to the drain, m?/s; S
is the distance from the drain head to the section in
question, m; K, and K, are the permeability coefficients
of the fill material for laminar and turbulent flows, re-
spectively, m/s; and o is the filtration flow section area
in the given flow section, m? (Fig. 1).

Equation (1) is only solved for four shapes of the
cross-section of a pipeless French drain: rectangular,

A\ h

Fig. 1. Design model of water movement in a pipeless drain
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triangular, trapezoidal, and combined. Besides, pipe-
less drains are longer and as the flow rate and velocity
of the filtration flow in a pipeless drain increase, seep-
age often goes through all the three flow 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_for a pipeless French drainage is
similar to finding the seepage interval for groundwa-
ter [6] that seeps through an earth cofferdam with no
backwater on the downstream side. In general, the
structure of the formula for seepage height h_(an ana-
logue of h ) looks as follows:

!

-g. 4
hC_B KLJ (2)

where f is the coefficient; and q'is the specific flow rate
across the seepage area, m?/s.

The coefficient § varies over a wide range. Thus, in
[6-8], B is equal to 0.44, and according to PYa. Polubar-
inova-Kochina, f is equal to 0.74. According to V.A. Ion-
at, for drains laid on impervious material, B 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 fluid flow in granular layers is found in [9].

Papers [10-12] discuss hydrogeological models that
resemble the flow in a pipeless French drainage sys-
tem. More data on turbulent filtration flow 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) confirms that in the case of a
laminar flow, the role of the last term is very small due
to the low filtration velocity, and then, with an accura-
cy quite sufficient for practical purposes, the filtration
flow movement obeys the following equation written
for a drain of rectangular cross-section:

dh . q

an _;_ .S
as 'K, bR Y )

where b is the drain width; and h is the water depth in
the cross-section in question.
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Then for both actual and model conditions, we get:

dhy _ . 94

A =j,-—"4 .5

s, A TK, byhy A @
dhy _ . am Sy, ©)

Sy MKy, by by

Let us introduce to equation (4) the scaling factors
for the similarity of the actual flow to the model flow
in a pipeless French drain:

S
ag = -4 — for flow length;
Su
b .
oy = b—A — for flow width;
M
h
oy, =4 — for flow depth;
hy
UK, =% 4 __for filtration coefficients in laminar
Ly
flow;
a; = ;—A — for drain slopes; and
M
oy = qq,—A — for specific inflow to the drain.
M

If we model without scale distortion, then o, = a, = a,
and o, = o fo,, = 1.

In equation (4), let us express all the characteristics
of the flow using the corresponding characteristics of
the model flow and the scaling factors:

G A i, -
OLS dSA !
oy - g
- q M g - Sy
K, o -by -0y h
3¢ Ly " %bOpm - Op Ny

(6)

According to the hydraulic modelling theory, the
relationships between like forces at all homologous
points of the actual and model flows 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 flows, we obtain:

’ ’ ’

94  ___ 49M or 4
Ky, -bs Kp, by

=U; =idem (7)
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for both the actual and model flows at all homologous
points. When condition (7) is satisfied, model flow
depth h,, at any homologous flow section will be simi-
lar to the actual flow, i.e.:

h,=o,-h,.

At the head of a pipeless French drain with small
bottom slopes, the filtration flow is usually laminar,
while at the outlet it is turbulent. The flow between the
head and the outlet section of the drain is transitional.
Let us first 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 fil-
tration flow in a pipeless French drain, equation (1) for
a rectangular cross-section is as follows:

2
dh _. () 2
— =i 85" 8
as ' TKZ T ®)

After doing all the necessary rearrangements and
reasoning as in the case of the laminar flow, we finally
obtain the following similarity criteria for the turbu-
lent flow:

’

q .
= JUs =idem.
Ky b VT 7!

(10)

The mechanical similarity of flows will be main-
tained if criterion (9) is rewritten as follows:

’

q .
= JUs =idem.
Kp-b VOTT!

(10)

In the case of a transitional flow, all the terms in
equation (1) are significant, albeit to a different degree,
depending on to which of the two critical Reynolds
numbers (Re, for laminar flow and Re_for turbulent
flow) Re is closer in magnitude for a given flow section
of the filtration flow 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 flows:

2
dhy _ . 4 (44) 2
o Tia- Sy Sy (D
s, Ky, by hy K7, -bj-hj
dhy ;o Ay g
s, Ky, by hy
(q;)Z (12)
S

K}, bk

Using the scaling factors introduced earlier and giv-
en that o, = 1 and a, = o, = a,, we rewrite equation (11)
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for the actual flow to express in it all the characteristics
of the flow using the corresponding characteristics of
the model flow and all the scaling factors:

o dhy _
ag dSA
A, g
=0 iy = ¢ 4u oSy - (13)
aKL .KLM (X,be(lhhM
2 Y
. @y (2) o} 53

2 2 2 72 2 2
aKT .KKM (Xbe(X,hhM

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:

U, = T _idem
K-
. 2 (14)
= =id
T [KT ] idem

However, criteria (14) can only be met simultane-
ously if the scaling factors Oy, and o, o are equal, which
is hard to achieve in practice. The discussion above
shows that if a transitional flow is present in a pipe-
less French drain, then at the outlet section, where the
flow rate is maximum and the water depth is minimal,
the flow is either turbulent or close to turbulent. In
this case, as a result of modelling, it is sufficient to en-
sure that values of criterion U, in the actual and model
flows 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 profiles, including
the transitional flow for the following cross-sections
(rectangular, triangular, trapezoidal, and combined).
The calculation relationship for the rectangular cross-
section was obtained first. Then it was established that
the surface profile shape does not depend on the move-
ment regime throughout the drain length. Fig. 2 shows

laminar
regime transitional regime
cM > ==
10 turbulent regime ]
8 4
'----u_____‘___‘_1|
6
4 \x\
2 \\
ATTT (o
0 200 400 600 800 1000 1200 1400 A

Fig. 2. Calculated surface profile in a pipeless French drain
(i = 0; experiment No. 10) - test points
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Table 1

Filtration characteristics of granite crushed stone

--_mn--

0.829

312.8 10.8

Table 2

Relative lengths of sections with different flow regimes in an experimental pipeless French drain, %

Experiment No. Drain slope

Filtration regime

0.00

a surface profile 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 figure. The calculated surface profile was de-
signed for a pipeless French drain laid in a trough, and
the calculations took into account the effect of near-
wall filtration. 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 different filtration 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,, 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,
is the diameter of particles, finer than which 17 per
cent, by mass, of particles are contained in crushed
stone; n is the coefficient of heterogeneity (grain size
inhomogeneity) of crushed stone; vy is the coefficient
of particle shape; n is porosity; d, is the calculated
diameter of the filtration passage; c, is the Chezy co-
efficient; and Re, and Re, are the critical Reynolds
figures for laminar flow and turbulent flow, respec-
tively.

mm

Table 2 shows the dimensions of drain sections with
different flow regimes.

CONCLUSIONS

1. All the problems of filtration for determining the
water depth at outlet sections of flows use calculation
relationships obtained experimentally, and for laminar
filtration flow only. In the case of filter trenches in rail-
way earthworks and pipeless French drainage systems,
the flow 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 filter
trenches are small, which is the case for railways, a
turbulent regime is found at the outlets of drains and
flows. In this case, only one criterion is to be observed
in modelling. Considering that in outlet sections, flow
velocities are the highest and under certain conditions
seepage damage (contact erosion) is possible, it is im-
portant to be able to determine the flow depth at the
drain outlet. There are no theoretical calculation re-
lationships for determining h , but flow depths at the
outlet of pipeless French drain systems h_can be deter-
mined by modelling.
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