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METHOD FOR EVALUATING HYDRAULIC
AND EROSION PROTECTION OF CULVERTS

Purpose. The primary goal of this research is the scientific substantiation and development of a comprehensive
method for assessing the hydraulic state and erosion protection of culverts in road construction. The work aims to
create a holistic approach that accounts for the complex interaction between different types of flow control — at the
inlet and the outlet of the structure — depending on hydrological conditions and the geometric parameters of the site.
Methodology. The methodological framework of the study is based on the fundamental principles of open-channel
hydraulics, particularly the analysis of the Bernoulli energy equation and the Manning empirical equation to estab-
lish relationships between water discharge and channel morphometric characteristics. In the course of the work,
methods of successive approximations (iterative procedures) were applied for the precise calculation of normal and
critical depths in circular and rectangular culverts, allowing for the correct classification of the flow regime. The
assessment of erosion processes is based on modern empirical models that correlate the kinetic energy of the flow
(expressed via the Froude number) and the relative tailwater level with the necessary parameters of the protective
apron. Findings. As a result of the study, the physical conditions and criteria for the occurrence of inlet and outlet
flow control regimes were systematized, enabling the formation of an adaptive mathematical framework for calcu-
lating the discharge capacity of structures under various filling scenarios. It was demonstrated that traditional design
methods often underestimate the velocity regime at the outlet, leading to the occurrence of supercritical flows that
necessitate the mandatory installation of energy-dissipating protective aprons. Based on the calculations performed,
a refined set of formulas for calculating the required length (L) of the riprap is presented. Furthermore, a classifica-
tion of stone material sizes was developed depending on the pipe diameter and hydraulic head, which allows for the
optimization of material costs while ensuring the reliability of the structure. Originality. The scientific novelty of
the obtained results lies in the improvement of the theoretical approach to assessing the hydraulic efficiency of cul-
verts by integrating dimensionless inlet control functions with the dynamic indicators of the downstream reach. For
the first time, a methodology has been proposed that simultaneously accounts for the variability of tailwater levels
when calculating erosion stability parameters, thereby avoiding design errors in protective structures under variable
backwater conditions. The use of approximate explicit formulas for the rapid determination of critical flow parame-
ters was substantiated, significantly simplifying the hydraulic analysis procedure for complex transitional regimes
without losing the accuracy required for engineering calculations. Practical value. The developed methodology
allows design engineers, at the documentation development stage, to accurately predict the risks of overtopping and
minimize the likelihood of emergency situations. The data obtained regarding the rational selection of rock riprap
classes for pipes with diameters up to 1.5 m allows for the standardization of engineering protection solutions, re-
duced operational maintenance costs for drainage structures, and an extended maintenance-free service life.

Keywords: culverts; hydraulic calculation; inlet control; outlet control; normal depth; critical depth; outlet veloc-
ity; erosion protection; rock riprap

Introduction er, this indicator is also influenced by the elevation
levels of the tailwater and the physical parameters
of the pipe itself, in particular its shape, cross-
sectional area, length, longitudinal slope, wall
roughness, and the geometry of the inlet.
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The flow velocity through culverts is deter-
mined primarily by the headwater depth, i.e., the
water level at the entrance to the structure. Howev-
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Insufficient capacity of the culverts creates sig-
nificant risks: excessive accumulation of water in
the headwater can lead to overflow across the road
embankment, which threatens the destruction of
the structure and damage to adjacent buildings.

Hydraulic analysis of the operation of such
structures is based on the distribution of flow con-
ditions into two main types:

e inlet control: occurs when the capacity of
the inlet is less than the capacity of the pipe barrel;
in this case, the inlet operates as an orifice or a
WEeIr;

e outlet control: is observed when the flow is
limited by the water level in the tailwater and the
hydraulic resistance of the barrel itself.

Traditional design often leads to the fact that
the flow area inside the pipe is significantly re-
duced, because of which the water velocity at the
outlet substantially increases. This causes intensive
erosion and scour of the channel directly behind
the structure. To prevent damage, it is necessary to
provide for protective measures, the most common
of which is the installation of stone riprap (armor)
on the riverbed.

The effectiveness of such protection depends
on the correct calculation of its parameters - the
size of the stone, the length and width of the apron,
which is directly related to the hydraulic character-
istics of the flow.

Purpose

The primary goal of this research is the scien-
tific substantiation and development of a compre-
hensive method for assessing the hydraulic state
and erosion protection of culverts in road construc-
tion. The work aims to create a holistic approach

that accounts for the complex interaction between
different types of flow control — at the inlet and the
outlet of the structure — depending on hydrological
conditions and the geometric parameters of the
site. A crucial component of this objective is the
development of an algorithm for accurately deter-
mining the geometric and structural parameters of
protective measures, specifically riprap. This is
essential for preventing uncontrolled channel scour
in the downstream reach and ensuring the overall
stability of the road embankment during flood
events.

Methodology

The capacity of culverts depends not only on
the water depth at the inlet, but also on a complex
of factors including the water level at the outlet
and the physical parameters of the object (shape,
cross-section, length, slope, and roughness). Incor-
rect calculation of these indicators threatens a criti-
cal rise in the headwater level, which risks washing
out the roadbed and flooding territories. Hydraulic
analysis of such systems is usually based on the
differentiation of flow conditions, dividing them
into cases where the flow is limited by the inlet
(inlet control) or by the characteristics of the barrel
itself and the tailwater (outlet control).

Inlet control (Figure 1) occurs when the capaci-
ty of the culvert inlet is less than the capacity of
the culvert barrel. In this case, the headwater depth
is calculated by treating the inlet as an orifice or a
weir.

Outlet control (Figure 2) occurs when the
downstream water level and the capacity of the
culvert barrel restrict the flow.

i
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Figure 1. Flow controlled by inlet characteristics
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Figure 2. Flow regulated by the barrel capacity and the downstream water level

Flow in a culvert is classified as being regulat-
ed primarily by the characteristics of the inlet or
the outlet of the culvert. The capacity is calculated
for the two types of control.

Under inlet control, culverts have a shallow,
high-velocity supercritical flow immediately
downstream of their inlets. Culverts will never be
completely full throughout their entire length,
whether their inlets are submerged or unsub-
merged. The flow rate under these conditions de-
pends primarily on the headwater depth and the
inlet characteristics. The headwater depth ratios for
unsubmerged and submerged inlets are calculated
as follows (FHWA-RD-03-053, 2003):

M
H , Q
— —K'| —=——=| unsubmerged, (1)
DC [ Ac ’\/ gDc j
2
Hy =c ? +Y +mS, submerged, (2)
DC '% gDC

where H,, is the headwater depth; D, is the inte-
rior height of the liquid column in the culvert; Q is
the flow rate in the barrel; A, is the full cross-
sectional area of the culvert; g is the gravitational
acceleration; S, is the culvert slope; K', M, ¢’, Y are
constants based on the culvert material, cross-
sectional shape, m = 0.7 for mitered inlets and m =
-0.5 for all other inlets (Normann, Houghtalen, &
Johnston, 1985).

Under outlet control, culverts are either full
throughout their entire length or are in a subcritical
state without being completely full. The outlet flow
is calculated based on a direct energy balance be-
tween the upstream and downstream ends of the
culvert as follows:

2 2
By O f1ik + 20 |5, =, )
Dc Dc ngch Rc c
where  H, =max(T,,(d, +D,)/2, T, -

tailwater depth, d. — critical depth at the outlet, K,
— inlet energy loss coefficient for various inlet con-
figurations, n. — Manning's roughness coefficient,
R, = A,/ P,— hydraulic radius of the culvert, P; —

wetted perimeter, L. — length of the culvert.

The energy balance assumes that the channel
velocities both upstream and downstream of the
culvert are small compared to the velocity within
the barrel. Based on formulas (1)-(3) for both types
of control, the culvert flow rates are determined as
follows (FHWA-RD-03-053, 2003):

Q. =NC.A\2gH, , (4)

where N is the number of identical culverts, C,
is the discharge coefficient, which depends on the
flow control (inlet or outlet) and the culvert charac-
teristics, H. is the head, and A, is the cross-
sectional area of the culvert barrel.

For inlet flow control:

h
Hc =Ly~ Lipy s (5)
1—%(Y +mSO)
C.=C, = °2C, , H.>D, (6)

c c2 1 D c c
2k AT

In the transition zone near the point H,=D,,

the discharge coefficient is calculated using the
formula:
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C, =min(C,,C,,)- (8)
For outlet flow control:
chza_zinv"'sol-c_z\t/w ©)]
c-—02t (10)
1+K, + zgrl%

C
where thv — the water surface elevation up-

stream (i.e., the headwater elevation), thv — the

water surface elevation at the downstream end of
the culvert, z;,, — inlet invert elevation of the cul-
vert.

The graphical representation of formula (4) is
called a performance curve. A performance curve
is a plot of the dependence of the head or headwa-
ter elevation on the flow rate. Representing culvert
operation graphically is useful for evaluating the
hydraulic capacity of a culvert across various
heads. Among other applications, the performance
curve illustrates the benefits of inlet improvements.

When constructing a performance curve, it is
necessary to plot both the inlet control and outlet
control curves. This is essential because the domi-
nant control at a given head is difficult to predict.
Furthermore, the control may shift from inlet to
outlet, or vice versa, within a range of flow rates.

The hydraulic parameters of a culvert include
normal depth, critical depth, and outlet velocity.
Culverts typically result in outlet velocities that are
higher than natural flow velocities; therefore, the
outlet velocity should be calculated to determine
the necessity for downstream erosion protection.

Normal depth y, is the constant water depth in
a culvert where gravitational forces equal frictional
resistance, resulting in uniform, steady flow (Fig-
ure 3). This parameter is vital for the hydraulic
design and analysis of culverts (Ounumenko, Kosa-
nbuyk, ['apkyiia, et al., 2023).

| J—jﬁ —————— \ yn<ye

Slope

Figure 3. Normal and critical depth on steep slopes

Assuming a constant slope, cross-section, and
roughness, the normal depth is calculated using the
Manning equation:

1

Q:HAR2/381/2, (ll)

where Q is the discharge, A is the cross-
sectional area of the flow, R is the hydraulic radius,
n is the Manning's roughness coefficient, and S is
the longitudinal slope. The parameters Q and S are
constants, while A and R depend on the normal
depth y,.

Normal depth is used to determine culvert sizes
for passing peak runoff without exceeding the pipe
diameter (full flow), and to determine the outlet
velocity for culverts operating under inlet control.
Normal depth is not defined for horizontal or ad-
verse slopes. For design purposes, if the normal
depth is less than the critical depth, the slope is
considered steep (supercritical), and the flow
reaches critical depth near the inlet.

The critical depth of a culvert, y. is the flow
depth that marks the transition between subcritical
(slow) and supercritical (fast) flow. It is a crucial
parameter in culvert hydraulics, determining the
water surface profile under inlet control and acting
as the lower bound for the water depth at the outlet
under certain conditions. The critical depth satis-
fies the equation:

2
Q—I:l@ Fre =1, (12)
gA

where Q is the discharge, A is the cross-
sectional area of the flow, T is the top width of the

free surface, and Fr :Lis the Froude number.

Joy
The parameters Q and T are constants, while A, T
depend on the critical depth y.

Under outlet control, the cross-sectional area of
the flow is determined by either the tailwater depth
or the critical depth. Critical depth is used when
the tailwater depth is less than the critical depth.
The tailwater depth is used when it is greater than
the critical depth but below the top of the barrel.
The full area of the barrel is used when the tailwa-
ter level exceeds the top of the barrel (Onuenko,
Iapkyma, & Kimmmenko, 2022a; 2022b).

When the tailwater depth is low, the flow in a
culvert on mild or horizontal slopes reaches critical
depth near the outlet (Figure 4).

Creative Commons Attribution 4.0 International

© A. M. Onyshchenko, B. M. Ostroverkh, Y. S. Dukhnenko, 2026
DOI: https://doi.org/10.15802/bttrp2026-29-10

87



https://doi.org/10.15802/bttrp2026-29-10

ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)

Bridges and tunnels: theory, research, practice, 2026, Ne 29

BRIDGES AND TUNNELS: THEORY, RESEARCH, PRACTICE

4 tw

Flow == yc

Figure 4. Critical depth at the outlet on mild slopes

Normal depth is used for comparison with criti-
cal depth to determine flow behavior. If the normal
depth is greater than the critical depth and the wa-
ter level in the tailwater is low, the culvert can act
as a free-flowing channel.

To determine the normal depth, formulas for
the cross-sectional area and hydraulic radius can be
added to equation (11) to obtain a system of equa-
tions, from which the normal flow depth, cross-
sectional area, and outlet velocity can be obtained
by the method of successive approximations. For
example, for a circular pipe (Figure 5), the cross-
sectional area and hydraulic radius are equal to.

Figure 5. Cross-sectional area of a circular culvert

D’ D’ .
A= 2 2 (a—sin(a), (13)
o =2arccos(2y,/D-1),
R=A/P, (14)
p-Lr_a,
2

where y, is the normal depth, D is the diameter,
and P is the wetted perimeter.

To determine the critical depth, formulas for
the cross-sectional area and the free surface width
can be added to equation (12) to obtain a system of
equations, from which the critical flow depth,
cross-sectional area, and outlet velocity can be de-
termined by the method of successive approxima-

tions. For example, for a circular pipe (Figure 5),
the cross-sectional area and the free surface width
are equal to

nD? D’ :
A= 2 —?(a—sm(a) , (15)
T =Dsin(a/2). (16)

For a rectangular (box) culvert, the critical
depth is calculated using the formula

y. = [Q/B)
g

where B is the width of the culvert, and g is the
gravitational acceleration.

Approximate formulas for critical and normal
depth exist for both circular and rectangular cross-
sections (Vatankhaha, & Easa, 2010; Liu, Wang,
Leng, & Zhao, 2012).

For a circular cross-section, the critical depth is
calculated using the approximate formula

yc — D(13.68;2.ll35 _ 138;2.1 + 1)70.1156 , (18)
QZ
where €. = ——F——.
gD*\1-§?

Approximate formulas for the normal depth of
circular and rectangular cross-sections are as fol-
lows:

Y, = D(15.0886% - 8.35698% +3.3748p, +0.1202), (19)

17)

nQ
where BC = W .
Voo = DBYS(1+ 263 + 1712657, 20
nQ
where Bb :W.

The average flow velocity at the culvert outlet
is determined by the flow rate and the cross-
sectional area at the outlet.

V.. =Q/A. (21)

Findings

Traditional hydraulic design of culverts usually
results in the flow area within the structure being
significantly reduced compared to the initial cross-
sectional area under design conditions; conse-
quently, the outlet velocity can cause substantial
flow erosion near the exit. Therefore, some form of
protection is typically required at the outlets (and
inlets).

According to (Fletcher, & Grace, 1972; Bohan,
1970; Thompson & Kilgore, 2006) the most com-
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mon structures for protecting culvert openings,
primarily for culverts with a diameter of 1.5 m or
less, are rock riprap armoring. An example of a
rock riprap layout is shown in Figure 6.

This scour protection measure consists of one
or more layers of stone on a level surface, extend-
ing a certain distance downstream from the culvert
outlet and designed to act as armor for the erodible
riverbed.

They are constructed at zero grade over a dis-
tance that is often related to the outlet pipe diame-

ter. These reinforcements do not dissipate signifi-
cant energy, except through increased roughness
over a short distance. However, they serve to
spread the flow, helping transition to surface flow
where no natural drainage path exists. Neverthe-
less, if they are too short or otherwise ineffective,
they simply shift the location of potential erosion
further downstream. The key design elements are
the stone size, as well as the length, width, and
depth of the embankment (Bohan, 1970).

Figure 6. Diagram of a culvert and rock riprap

While these studies focus on the issue of stone
size, the design of the apron must also account for
geometry. More specifically, the extent to which
any rough apron can dissipate the energy of the
outlet flow has been investigated.

A key observation of this study is the distinctly
different behavior of water depending on the
tailwater level, namely: the minimum tailwater
condition and the maximum tailwater condition,
with this distinction being defined in terms of the
ratio of the water level to the culvert diameter,
ty/D. Thus, the model equation is as follows (Bo-
han, 1970):

dsy v, G_1
—025—ou W< 22
TD D=3 (22)
de, t 1
-0.15, =>—. 23
D JgD D 2 (23)

Vout 1S the average flow velocity at the culvert
outlet, and g is the gravitational acceleration.

The specification of the riprap length L, distin-
guishes not only between the minimum and maxi-
mum tailwater levels but also considers the value
of the outlet Froude number

Froo = Vo (24)

D,out = \/g_D

Thus, the equation for L, can be expressed as

L,

D _8 I:rD out —1’ (25)
L t, 1
Y =8+1710g,, Frp o s Fry o >1, — D < 5 (26)
L, t, 1
B - 8 + 55|Oglo D out ? I:rD out D 2 E (27)

From equations (25-27), the required length L,
for maximum tailwater conditions (and Frp oy > 1)
will be significantly greater than for the corre-
sponding case of minimum tailwater conditions.
Consequently, these equations can lead to rather
long aprons, with L,/D exceeding 20 in extreme
cases for maximum tailwater conditions.

In contrast, the study "Hydraulic design of en-
ergy dissipators for culverts and channels" does not
account for any dependence on tailwater condi-
tions; instead, the riprap length varies depending in
the stone size (Table 1), with a maximum length of
L, = 8D.
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Table 1

The riprap length varies depending in the stone size
ciss | Sz | i | o
1 0.125 4D 3.5ds
2 0.150 4D 3.3dso
3 0.250 5D 2.4dsg
4 0.350 6D 2.2d*°
5 0.500 7D 2.0dsg
6 0.550 8D 2.0dsg

Originality and practical value

Scientific novelty of the obtained results lies in
the improvement of the theoretical approach to
assessing the hydraulic efficiency of culverts by
integrating dimensionless inlet control functions
with the dynamic indicators of the tailwater. For
the first time, a methodology is proposed that sim-
ultaneously takes into account the variability of
water levels downstream of the structure when cal-
culating erosion stability parameters, which allows
for avoiding design errors of protection under vari-
able backwater conditions. Additionally, the use of
approximate explicit formulas for the rapid deter-
mination of critical flow parameters is substantiat-
ed, which significantly simplifies the hydraulic
analysis procedure for complex transition regimes
without loss of the accuracy required for engineer-
ing calculations.

Conclusions

In the course of the study, it was established
that the efficiency and operational safety of cul-
verts directly depend on the accurate determination
of the structure's operating mode — inlet control or
outlet control. Since these modes are determined
by different physical factors (inlet geometry in the
first case and hydraulic resistance of the barrel and
tailwater level in the second), a comprehensive
approach to their analysis is critically important for
preventing emergency situations.

The analysis results indicate that the flow ve-
locity at the pipe outlet almost always exceeds the
natural flow velocity in the channel, which creates
a high energetic potential for bed scour. It has been
proven that traditional calculation methods without
considering the variability of the tailwater depth
can lead to an erroneous choice of protection pa-
rameters. The proposed methodology for calculat-

ing the parameters of the rock riprap allows for the
adaptation of energy dissipator designs to specific
hydrological conditions.

Particular attention is paid to the use of iterative
methods and approximate formulas for calculating
normal and critical depths in circular and rectangu-
lar cross-sections. This allows for a significant
simplification of engineering calculations while
maintaining high accuracy in predicting hydraulic
characteristics.

In summary, it can be stated that the implemen-
tation of a systemic method for assessing the hy-
draulic state and erosion protection ensures the
durability of road structures. The use of substanti-
ated classes of rock riprap and the optimization of
inlet headwall geometry allow not only for reduc-
ing the risk of water overtopping the embankment
but also for significantly decreasing operational
costs for restoring scoured sections of the channel
in the tailwater.
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METOA OUIHIOBAHHA I'TIPABJIIYHOI'O
TA EPO3IMHOI'O 3AXUCTY BOJAONPONIYCKHUX TPYB

Meta. OCHOBHOIO METOIO IIPOBEJCHOTO JOCII/KCHHS € HAyKoBEe OOIPYHTYBaHHS Ta pO3poOKa KOMIUIEKCHOTO
METOJy OIIHIOBAHHS TiIPAaBIIYHOTO CTaHY Ta €PO3IMHOTO 3aXUCTY BOAOIPOIYCKHHUX TPYO Y JOPOKHBOMY OYHiBHH-
urBi. PoboTa cipsMoBaHa Ha CTBOPEHHS HUIICHOTO IMiJXOXy, SKAH OW MO3BOJISAB BPAaXOBYBATH CKIAJHY B3a€MOJIIIO
PI3HHX THUIIIB PETYJIIOBaHHS MMOTOKY — Ha BXOJI Ta BUXO/I 31 CIIOPYAN — 3aJI€)KHO BiJ| T1IPOJIOTIYHUX YMOB Ta reoMe-
TPUYHUX MapameTpiB 00’exta. Meroauka. Meronosnoriyna 6a3a AOCIIKEHHsI IPYHTYEThCS Ha (DyHIaMEHTAIBHUX
MOJIOKEHHSX TiPaBIIKK BIIIKPUTHX MOTOKIB, 30KpeMa Ha aHaJli3i eHEepreTHYHOro PiBHAHHA bepHymi ta emmipuy-
HOTO PiBHSIHHS MaHHIHTa JUIsl BCTAHOBJICHHS 3aJI€KHOCTEH MIXK BUTPATOIO BOAM Ta MOP(HOMETPUIHUMH XapaKTepH-
CTHKaMHu pycia. Y Xo/i po00TH 3aCTOCOBAHO METO/IHU OCIIiIOBHUX HAOMMKEHb (iTepallifiHi mpoueaypu) sl TOUHO-
IO PO3paxyHKy HOPMAJBHOI Ta KPUTHYHOI TIIMOMH y TpyOax KPyroBOTO Ta HPSIMOKYTHOTO Iepepi3iB, M0 J03BOJISIE
KOPEKTHO KJIacu(pikyBaTu pexxum Tedii. OUiHIOBaHHS €po3iHHUX MpoIeciB 0a3yeThcss Ha BUKOPUCTAHHI CYy9acHUX
EeMITIPUYHUX MOJEJICH, sIKi OB’ 3YIOTh KIHETHYHY CHEPTil0 TOTOKY (BUpaxeHy depe3 uucio dpyna) Ta BiTHOCHUH
piBEeHB BOJM B HIHKHBOMY 0’€(i 3 HEOOXITHUMH ITapaMeTpaMy 3aXHUCHOTO HacTwiry. PesyasTaTn. Y pe3ynpTari I10-
CIIJDKeHHST OyJI0O CHCTeMaTH30BaHO (i3MYHI YMOBH Ta KPHUTEpii BUHUKHCHHS PEXHMIB PETYIIOBAaHHS MOTOKY Ha
BXO/Ii Ta BUXO/JIi BOJONPOITYCKHUX TPYO, 1110 103BONIMIO chOpMyBaTH afaTHBHUNA MaTeMaTHYHUH amnapaT AJst po3-
PaxyHKy MPOITYCKHOI 3/1aTHOCTI CIOpPY/l 32 PI3HUX CLieHapiiB HaNOBHEHHs. ByJo J0BeneHo, 0 TPaAULiiiHI METOI!
MPOEKTYBAHHS YacTO HEJOOL[HIOITh MIBUAKICHUN PEKUM Ha BUXO[I, 1110 MPHU3BOAUTH 10 BUHUKHEHHS HAaJKPUTHY-
HUX IIOTOKIB, sIKi HOTPeOyIOTh 00OB’SI3KOBOTO BJIAIITYBAHHS CHEPrONOIIMHAIOYMX 3aXUCHUX HacTuiiB. Ha ocHOBI
MPOBEICHUX PO3PAaXyHKIB MPEICTABICHO YTOYHEHHH HaGip Gopmyn st oGumCIeHHsT HeoOXiaHoi moBXUHU (Lg)
KaM’stHOTO HakuIy. KpiMm Toro, po3pobieHo kmacudikariiro po3MipiB KaM’sTHOTO MaTepiaxy 3aJIe)KHO Bix AiaMeTpa
TpyOHM Ta TifpaBiIivyHOTO HAINOPY, LIO JO3BOJSIE ONTHMI3yBaTH BHUTPATH MaTepialliB mpu 3abe3nedeHHi HaliiHOCTi
cnopynu. HaykoBa HoBu3Ha. HaykoBa HOBH3HA OTPUMAaHUX PE3yJIBTATIB MOJATAE B yIOCKOHAICHHI TEOPETUYHOTO
IIX0/1y /10 OLIHKH TiJipaBiiqHO] epeKTHBHOCTI BOJONPOITYCKHUX TPYO IIIAXOM iHTEerparii 6e3po3MipHUX (YHKIIIH
pEeryiIIoBaHHS BXiJHOT'O OTBOPY 3 AMHAMIYHUMHM ITOKa3HWKAaMH HW)KHBOTO 0’eda. Briepie 3anpornoHoBaHO MeTOH-
Ky, SIKa OJHOYacHO BPaxOBYE BapiaTHBHICTH PIBHIB BOIM 3a CIIOPYJOI0 NPH PO3PAXyHKY MapameTpiB epo3iiHoi
CTIMKOCTI, 110 JJO3BOJISIE YHUKHYTH ITOMWJIOK IPU ITPOEKTYBAaHHI 3aXUCTy B YMOBAax 3MiHHOTO mianopy. JlogarkoBo
0OIpyHTOBaHO BUKOPUCTAHHS HAOJIMKEHUX EKCILTIMTHUX (GOPMYIT AU IIBUKOTO BU3HAYCHHS KPUTHUHKX I1apame-
TPiB MOTOKY, II0 3HAYHO CIPOIIYE MPOLEAYPY TiAPABIIYHOTO aHATI3Y CKIAQAHMAX MEPeXiIHUX peXHuMiB Oe3 BTpatu
TOYHOCTI, HEOOXiMHOI Ay iHKeHepHUX po3paxyHkiB. IlpakTuyHa 3HayuMicTh. Po3pobieHa MeToanka J03BOIISE
IHKeHepaM-TIPOEKTYBaIbHIUKAM 1e Ha cTail po3poOKK NOKyMEHTAIlil TOYHO MPOTHO3YBATH PU3UKU BUHHUKHEHHS
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TIEpETMBY BOJW Yepe3 TOPOKHE ITOJIOTHO Ta MiHIMi3yBaTH HMOBIpHICTH aBapiiiHMX curyamid. OTpuMaHi JaHi 010
palioHaTBFHOTO BHOOPY KJIAaciB KaM’STHOTO HaKUAY VIS TPyO AiameTpoM 1o 1,5 M JT03BOISIOTH THIIOBO YHi(iKyBaTH
piIeHHs 3 iHKEHEpHOTO 3aXHCTY TEPUTOpil, 3HU3UTH SKCIUTyaTalliifHi BUTPAaTH Ha YTPUMaHHS BOJIOIPOMYCKHUX
CIIOPYZ Ta TIOAOBXKHUTH TEPMiH iXHBOTO O€3PEMOHTHOI CITYKOH.

Kntouosi crnosa: BomonpomyckHi TpyOH; TiApaBIidYHUNA PO3paXyHOK; PETYIIOBAHHSI HA BXOJi; PETyIIOBaHHS Ha
BHXOJIi; HOpMaJlbHA MIMOWHA; KPUTUYHA TITMOMHA; IIBUIKICTh HA BUXO/I1; EPO3iHHIIT 3aXKCT; KaM’ STHUH HAKH]

REFERENCES

Bohan, J. P. (1970). Erosion and riprap requirements at culvert and storm-drain outlets (Research Report H-70-2).
Vicksburg, MS: U.S. Army Engineer Waterways Station. (in English)

FHWA-RD-03-053 (2003). Two-dimensional Depth-averaged Flow and Sediment Transport Model. Publication No.
FHWA-RD-03-053, U.S. Department of Transportation. (in English)

Fletcher, B. P., & Grace, Jr., J. L. (1972). Practical guidance for estimating and controlling erosion at culvert out-
lets (Misc. Report, H-72-2). Vicksburg, MS: U.S. Army Engineer Waterways Station. (in English)

Liu, J. L., Wang, Z. Z., Leng, C. J., & Zhao, Y. F. (2012). Explicit equations for critical depth in open channels with
complex compound cross sections. Flow Measurement and Instrumentation, 24, 13-18. DOI:
https://doi.org/10.1016/j.flowmeasinst.2011.12.005 (in English)

Normann, J. M., Houghtalen, R. J., & Johnston, W. J. (1985). Hydraulic design of highway culverts. Hydraulic De-
sign Series No. 5, Report No. FHWA-1P-85-15. (in English)

Thompson, P. L., & Kilgore, R. T. (2006). Hydraulic design of energy dissipators for culverts and channels (Hy-
draulic Engineering Circular No.14, ThirdEdition; Publication No FHWA-NHI-06-086HEC14). Washington, DC:
Federal Highway Administration. (in English)

Vatankhaha, A. R., & Easa, S. M. (2010). Explicit solutions for critical and normal depths in channels with different
shapes. Flow Measurement and Instrumentation, 22(1), 43-49, DOl:
https://doi.org/10.1016/j.flowmeasinst.2010.12.003 (in English)

Onyshchenko, A. M., Harkusha, M. V., & Klymenko, M. I. (2022a). Analiz konstruktyvnykh zakhodiv z ukriplennia
nyzhnikh biefiv hidrotekhnichnykh sporud u transportnomu budivnytstvi z dorozhnikh vodopropusknykh trub. Do-
rohy i mosty, 26, 215-227. DOI: https://doi.org/10.36100/dorogimosti2022.26.215 (in Ukrainian)

Onyshchenko, A. M., Harkusha, M. V., Klymenko M. 1. (2022b). Analiz problem zabezpechennia nadiinosti ta dov-
hovichnosti hidrotekhnichnykh sporud transportnoho budivnytstva z dorozhnikh vodopropusknykh trub v umovakh
ekspluatatsii. Dorohy i mosty, 25, 190-202. DOI: https://doi.org/10.36100/dorogimosti2022.25.190 (in Ukrainian)
Onyshchenko, A. M., Kovalchuk, V. V., Harkusha, M. V., et al. (2023). Zabezpechennia nadiinosti ta dovho-
vichnosti hidrotekhnichnykh sporud transportnoho budivnytstva z dorozhnikh vodopropusknykh trub v umovakh
ekspluatatsii. Kyiv: «Vydavnytstvo Liudmylax». DOI: https://doi.org/10.32751/Mono_Zabez2023 (in Ukrainian)

Article received: 12.01.2025.
Review date: 16.03.2026.
Publication date: 29.05.2026.

© A. M. Onyshchenko, B. M. Ostroverkh, Y. S. Dukhnenko, 2026 Creative Commons Attribution 4.0 International
DOI: https://doi.org/10.15802/bttrp2026-29-10

92



https://doi.org/10.15802/bttrp2026-29-10
https://doi.org/10.1016/j.flowmeasinst.2011.12.005
https://www.sciencedirect.com/journal/flow-measurement-and-instrumentation/vol/24/suppl/C
https://doi.org/10.1016/j.flowmeasinst.2010.12.003
https://doi.org/10.36100/dorogimosti2022.26.215
https://doi.org/10.36100/dorogimosti2022.25.190
https://doi.org/10.32751/Mono_Zabez2023

