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Abstract: The objective of this research was to determine the probability of road overtopping oc-
currence for a road culvert caused by surface runoff from the upstream catchment. A hydrological—-
hydraulic model was used for the development of an algorithm for road culvert maintenance based
on the overtopping occurrence probability (CMOOP algorithm) for small mountain catchments. The
hydrological model defines the regression dependence between the runoff hydrograph peak values
and the probability of occurrences, whereas the hydraulic model calculates the culvert flow capacity
by including in the calculation the level of sediment that culvert is filled with. The relationship
between occurrences of overtopping and peak runoff value was defined using the runoff hydrograph
transformation model in the accumulation on the upstream side of the road. In addition to the calcu-
lation of overtopping occurrence probability for the existing culvert condition, the CMOOP algorithm
was used to analyze the impact of rehabilitation and reconstruction works from the perspective of
legally based safety criterion for road overtopping occurrence probability (SCROOP). The CMOOP
algorithm was appled to 67 concrete culverts located in a mountain road section in the Republic
of Serbia. The results show that the application of rehabilitation works on selected culverts will
increase the percentage of culverts that satisfy SCROOP from 49.25% to 89.55%, which confirms that
the accumulated stone sediment is the main reason for the SCROOP unfulfillment.

Keywords: culverts; overtopping occurrence probability; hydrological-hydraulic modeling; maintenance;
algorithm

1. Introduction

Road culverts are specific engineering structures that, in addition to their primary
role of conveying surface water under the road, have several functions such as providing
passage for people and vehicles, or safe passage of wild animals under the road [1]. These
secondary functions of culverts can sometimes be of such importance that their size is
defined to meet these conditions [2]. The available literature offers recommendations
for designing and sizing new road culverts according to the different criteria [3-6]. In
contrast to road culvert design, the maintenance of the existing road culverts has been
much less researched.

Road culverts are typically located in the lower part of the road embedment, so they
are not easily accessible for inspection and maintenance [7]. The lack of maintenance
inhibits the culvert’s primary function, which can consequently result in road overtopping
and failure of the road culvert [8]. Road overtopping by floodwater is dangerous, affecting
both traffic safety and the stability of the road structure. According to research data, around
75% of flood-related fatalities occur when people drive into or attempt to walk through
floodwaters [9-11]. Consequential repairs of the road structure defects, caused by water
overtopping over the road may require significant financial resources [12,13].
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The significance of this problem has encouraged several authors [14] to estimate
the risk of road culvert failure based on the assessment of multiple parameters of the
culvert’s existing condition [15-18] or by applying artificial intelligence [19]. In contrast to
these studies, which estimated the risk level based on parameters that gradually lead to
culvert failure, we aimed to determine the probability of occurrence of road overtopping at
culvert cross-section, which is a phenomenon that can lead to the immediate failure of a
road culvert. We calculated the probability of road overtopping occurrence based on the
hydrological-hydraulic model of the studied phenomenon. The studies that have analyzed
the problem of road overtopping from the aspect of occurrence probability calculation, as
well as studies based on the same assumptions and principles of problem analyses, will be
presented in the next paragraphs.

Hydraulic modeling of the current culvert condition requires the inclusion of the
accumulated sediment level inside the culvert in the flow capacity calculation. So far,
this problem has been analyzed in several studies [20-23] from two different aspects: the
friction coefficient change and the decreasing cross-sectional area of the culvert. Nwaogazie
and Agiho [24] presented the possibilities of HY-8 software for hydraulically modeling
road culverts, and their conclusions on the quality of the obtained calculations showed that
this software should be used for calculation of flow capacity for the current condition of
road culvert.

Hydraulic modeling of the passage of a 100-year flood through a box culvert filled
with rock sediment was presented by Pelivanoski and Ivanoski [25]. They also analyzed the
application of rehabilitation and reconstruction works on the culvert to meet the criterion
of the passage of a 100-year flood. Their conclusions indicate the need for a check-up
calculation of the current culverts” hydraulics because some culverts may be hydraulically
undersized, mainly because they were designed with limited field data in the first place.

The occurrence of road overtopping on a mountain ephemeral stream was analyzed
according to the effectiveness of road culverts by Conesa-Garcia and Garcia-Lorenzo [26].
They emphasized the importance of stone sediment accumulated in the culverts, and
concluded that in around 85% of the analyzed culverts, road overtopping was directly
caused by the accumulated rock sediment.

A framework for the formation of the hydrological-hydraulic model was constructed
by Soong et al. [27]. Although their main goal was to map the flood zones of the studied
area, they demonstrated the application of their model for road overtopping modeling in
the cross-section of road culverts for the floods with 1% and 0.2% occurrence probability.
Giinal et al. applied this framework for the calculation of box culverts [28], where guidelines
for geographic information system (GIS) tools” application can be found for the formation
of a hydrological-hydraulic model.

Truhlar et al. [29] presented the algorithm for the selection of road culverts that
need to be repaired or replaced due to a return period of overtopping, which is based
on a hydrological-hydraulic model that was implemented as a GIS tool. The algorithm
proposed by Truhlar et al. determines the maximum return period of the runoff hydrograph
that can pass through road culvert by comparing the results of the hydrological model,
which determines the return period of the runoff hydrograph peaks based on designed
rainfalls, and the results of the hydraulic model, which determines the maximum flow
capacity of the culvert for the water level before the overtopping starts. They did not use
the legally defined limit value of the return period (or probability of occurrence) based
on which the culverts can be divided into those that satisfy the criterion and those that
need to be repaired or replaced. Although Truhlar et al. provided a methodologically
suitable approach to the analyzed problem, the proposed algorithm does not calculate the
probability of occurrence of road overtopping, and the hydraulic model does not consider
the amount of sediment inside the culvert or the hydrograph transformation model of the
runoff hydrograph in the accumulation on the upstream side of the road.

Our basic research hypothesis was that the main generator of the increase in road
overtopping occurrence probability in small mountain catchments is stone sediment fill-
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ing of a culvert cross-section, which is a consequence of poor culvert maintenance. The
basic hypothesis formulated the objective of this research, which was the development
of a practically applicable algorithm for road culvert maintenance based on the probabil-
ity of road overtopping occurrence (CMOOP algorithm) for small mountain catchments
(area < 1 km?), which adds to the existing research in this field as follows:

e the determination of the overtopping occurrence probability based on regression de-
pendence between the peak runoff hydrograph value and the probability of occurrence
of designed rainfall forming the runoff hydrograph on small mountain catchments
that do not have a base water flow during the year;

e theinclusion of the accumulated stone sediment inside the culvert in the flow capac-
ity calculation by combining the two aspects of the analyzed problem: the friction
coefficient change and the decreasing cross-sectional flow area of the culvert;

e the inclusion of a model of runoff hydrograph transformation in the accumulation
on the upstream side of the road, which determines the transformation coefficient of
the hydrograph peak based on the relationship between the peak runoff hydrograph
value and the maximum flow capacity of the road culvert, into the hydraulic model;

e the definition of a safety criterion of road overtopping occurrence probability (SCROOP)
by legal regulations, which enables the application of the CMOOP algorithm in
other countries;

e an algorithm that analyzes the impact of rehabilitation and reconstruction works on
culverts with the aim of fulfilling the defined safety criterion; and

e the application of summary results of the CMOOP algorithm for the purpose of
planning the culvert’s maintenance for the mountain road sections.

The application of the CMOOP algorithm was presented on a section of mountain
road between Raska and Novi Pazar, Republic of Serbia, with 67 concrete culverts.

2. Materials and Methods
2.1. Study Area

The proposed algorithm was applied on culverts located on a section of mountain road
between Raska and Novi Pazar, in the Republic of Serbia, from stationing: km 236 + 001 to
km 253 + 891, with a total length of 17.890 km (Figure 1).

The analyzed section of the road follows the course of the river Raska through a
mountainous terrain where 67 concrete road culverts are located with three characteristic
types of cross-sections: box, pipe, and pipe-arch (Figure 2).

Table 1 presents the most important data that characterize the analyzed culverts for
the purpose of monitoring calculation results, while the complete table with all available
data and calculation results can be downloaded from the open-source database referenced
in the Supplementary Materials section of this paper. The authors support the principle
of “open-source science” and allow all data used in calculations, as well as the results
of analyses, to be publicly available, which, together with used methods and materials
(Table 1), enables the repeatability of research.

2.2. Data Gathering and Preparation

The main assumption that the CMOOP algorithm was based on is as follows: “The
road overtopping occurrence probability is equal to the occurrence probability of precipi-
tation, which forms the runoff hydrograph that, after the peak transformation, increases
the upstream water level to the level which is equal or higher of the road pavement”. This
hypothesis, which has already been similarly formulated in literature [29-32], is based on
the fact that rain of certain intensity and duration is the basic mechanism for generating a
runoff from small mountain catchments with ephemeral or torrential streams, that do not
have a base water flow during the year.

According to the main assumption, road overtopping begins when the level of water
on the upstream side of the road reaches the level of final pavement layer. Therefore, the
probability of overtopping occurrence is determined as the probability of water occurrence



Water 2021, 13, 471 40f19

at the elevation of the final pavement layer due to the transformation of the upstream
runoff hydrograph in the accumulation on the upstream side of the road. The CMOOP
algorithm is based on a hydrological-hydraulic model of a small mountain catchment with
a road culvert at its outlet profile. The methods and materials used for the development
of the hydrological-hydraulic model, as well as the software used, are systematized in
Table 2.
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Figure 2. The three characteristic types of road culvert cross-sections (schematic drawings and field photos): pipe (a), box
(b), and pipe-arch (c).
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Table 1. Specific data of the analyzed road culverts.

Stationing Culvert Dimensions/Diameter Culvert Stationing Culvert Dimensions/Diameter Culvert
No. Length No. Length
(km) Type: (mm) (km) Type: (mm)
(m) (m)
1 236.78798 Pipe @500 10.15 35 245.54835 Pipe 1000 13.14
2 236.82351 Pipe 500 18.91 36 245.72752 Box 2200 1800 9.24
3 236.89418 Box 2500 1500 8.76 37 246.07534 Pipe-arch 2000 2200 20.06
4 236.95647 Pipe-arch 1000 1000 13.70 38 246.72622 Pipe 1000 21.08
5 237.27257 Pipe-arch 2000 1600 23.43 39 246.99919 Pipe-arch 2000 1700 20.67
6 237.34794 Pipe-arch 1000 1000 20.12 40 247.11827 Pipe-arch 1000 1000 19.68
7 237.47457 Pipe-arch 1600 2000 21.14 41 247.52423 Pipe-arch 1000 1000 22.09
8 238.15669 Pipe-arch 1000 1000 35.20 42 247.73666 Box 2500 2000 9.86
9 238.29219 Pipe-arch 1000 1000 27.42 43 248.45677 Pipe @900 27.25
10 238.49045 Box 1200 1000 10.11 44 248.55084 Pipe 1000 24.19
11 238.66913 Pipe-arch 2000 1600 25.56 45 248.72108 Pipe-arch 2000 2000 15.89
12 238.76617 Pipe-arch 1000 1000 28.33 46 249.32999 Box 1000 1100 8.77
13 238.91557 Pipe-arch 4000 3200 14.88 47 249.55194 Pipe-arch 1000 1000 15.65
14 239.17311 Box 3000 2850 9.79 48 249.78251 Pipe-arch 1000 1000 29.57
15 239.31967 Pipe 500 17.81 49 249.95408 Pipe 600 36.91
16 239.47249 Pipe 1000 16.56 50 250.15709 Pipe-arch 2000 1800 28.05
17 239.71977 Pipe @500 36.52 51 250.24686 Pipe-arch 1000 1000 24.47
18 239.99762 Pipe-arch 1000 1000 14.12 52 250.36582 Pipe-arch 2000 1500 30.96
19 240.27911 Box 2000 1900 10.18 53 250.50679 Box 1800 2000 10.55
20 241.02708 Pipe-arch 1000 1000 22.55 54 250.57528 Pipe 600 30.57
21 241.49258 Pipe-arch 2000 2000 30.74 55 250.78730 Box 3000 1300 9.53
22 241.58683 Pipe-arch 1000 1000 25.58 56 250.99072 Pipe 1000 10.91
23 241.85217 Pipe-arch 1000 1000 15.00 57 251.34695 Pipe 800 30.48
24 242.09081 Pipe-arch 3000 2500 14.23 58 251.54172 Box 2300 1700 9.73
25 242 .66435 Box 4000 2300 9.57 59 251.66778 Pipe @800 29.93
26 24291715 Pipe-arch 1000 1000 23.88 60 252.03890 Pipe 1000 18.12
27 243.01846 Pipe-arch 1000 1000 20.58 61 252.15223 Pipe 500 20.30
28 243.58744 Pipe-arch 3000 2400 23.47 62 252.24892 Box 2500 2200 9.01
29 243.84610 Pipe-arch 1000 1000 25.68 63 252.32288 Pipe 800 18.48
30 244 47159 Pipe 500 14.43 64 252.42755 Pipe 600 10.65
31 24496612 Box 2000 1600 9.51 65 252.56980 Box 3500 2400 12.05
32 245.19507 Pipe 600 10.74 66 252.85253 Pipe-arch 1000 1000 20.34
33 245.29313 Box 2000 1200 10.62 67 253.16520 Pipe-arch 1000 1000 16.65
34 245.42235 Pipe 1000 32.89
Table 2. Systematized presentation of methods and materials of the hydrological-hydraulic model.
Methodological Groups: Method/Data: Software: Reference(s)
1. Data preparation:
1.1. Digital Elevation Model (DEM) Data: ASTER v3 [33]
1.2 Catchment parameters:
1.2.1. Flow direction calculation Method: Deterministic 8 QGIS [34,35]
1.2.2. Stream detection Method: Strahle order Grass GIS [36-38]
1.2.3. Catchment delineation Method: Upslope area (D infinity) SAGA-GIS [39,40]
1.2.4. Physical parameters Method: Parametric equations WMS [41-43]
1.3. Soil type data Data: Harmonized World Soil Database [44]
1.4. Land use data Data: Copernicus Corine land cover [45]
1.5.  Volume of temporary accumulated water Method: Volume between surfaces Global Mapper [46,47]
2. Hydrological model:
2.1. Runoff hydrograph generation Method: HEC-HMS * WMS [48,49]
2.2. Design Rain:
2.2.1. Rainfall intensity Data: IDF curves [50-52]
2.2.2. Effective rainfall Method: SCS-CN WMS [53,54]
2.2.3. Design rain duration Method: Iterative procedure WMS [55]
2.3. Peak flow occurrence probability Method: Regression analysis MatLAB [56]
3. Hydraulic model:
3.1. Culvert performance curve:
3.1.1. Designed culvert performance Method: Flow calculation equations (FCE) HY-8 [57,58]
3.1.2. Current culvert performance Method: Parameter estimation for FCE HY-8 [24,59]
3.2. Transformation of hydrograph peak Method: Hydrograph peak transformation MatLAB [60]

* For small mountain catchment (area < 1 km?), the HEC-1 method is applicable.
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The digital elevation model (DEM), which can be developed from various data ob-
tained from direct and remote observations, represents the basis of most of the hydrological
analysis. The input data for the hydrological model were determined using the Global Digi-
tal Elevation Model (GDEM) from the publicly available database of NASA'’s space mission:
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), version 3 of
which has a resolution of 1 arc-second or approximately 30 x 30 m for 1 pixel [61,62]. The
DEM was used for the determination of data necessary for the hydrological model: runoff
flow directions, stream detection, delineation, and determination of physical parameters of
the catchment (area, maximum and flattened slope, flow length, etc.). Soil type and land
use data, which are necessary for hydrological modeling of the surface runoff, were taken
from the public databases [44,45].

The input data for hydraulic modeling of the flow capacity of road culverts were
determined by in-situ direct geodetic measurement of all required dimensions. For cal-
culation of runoff hydrograph transformation, it was necessary to determine the volume
of temporarily accumulated water on the upstream side of the road (Viaw), which was
determined by the volume between surfaces method, based on spatial triangulation, as
shown in Figure 3.

Road Cross Section ( a) (C)

Road Cross N

Figure 3. Determination of the volume of temporarily accumulated water: (a) cross section of the road with culvert, (b)

layout of the surface area under accumulated water for Zmax and (c) view of triangulated irregular network for determination

of Vtaw .

2.3. Hydrological Model

The hydrological model was used for the calculations of runoff hydrographs from rain-
falls with a defined probability of occurrence, based on which the regression dependence
between the probability of occurrence and the peak value of the runoff hydrograph was
defined. The HEC-HMS model [48,63], with the SCS unit hydrograph method [53], was
used to transform precipitation into a runoff hydrograph. For small mountain catchments,
instead of the HEC-HMS, the HEC-1 method can also be applicable.

The specificity of small mountain catchments is the fast hydrological response of the
catchment to rainfall, which requires the precise determination of the duration of design
rainfall [64,65]. The duration of design rainfall, as the rainfall duration that creates the
highest peak value of runoff hydrograph, can be determined in an iterative procedure
within the hydrological model by comparing several runoff hydrographs from the different
duration rainfalls with the same occurrence probability.



Water 2021, 13, 471

7 of 19

0

Based on the defined duration of design rainfall and IDF curves (intensity—duration—
frequency curves) for the analyzed region [52], the hydrological model determines the
runoff hydrographs from rainfalls of different probabilities of occurrence. The main as-
sumption defines an equal relationship between the probability of the occurrence of road
overtopping and the probability of the occurrence of the design rainfall that leads to the
overtopping occurrence. Runoff hydrographs of the different probability of occurrence are
shown in Figure 4a, while Figure 4b shows the regression dependence between the peak
value of runoff hydrograph and the probability of occurrence of the design rainfall.

A Flow [(m7s) (b)
14
Legend:

Hydrograph P =0.1%
12
=== Hydrograph P = 1%
Hydrograph P = 2% 10
Hydrograph P = 5%
e Hydrograph P=10% - - g
e Hydrograph P = 20%

= Hydrograph P = 50% 6

40 50 60 70 80 90 100 0.1 1 10 100
Time [min] Probability [ % ]

Figure 4. (a) Hydrographs of different probability of occurrence and (b) regression dependence between the peak value of

runoff hydrograph and probability of occurrence of designed rainfall.

The conducted analysis showed that the exponential function (Equation (1)) describes
the stated regression dependence with high values of the regression coefficient (R? > 0.9):

P = A.eB'Qmax (1)

where: P—probability of occurrence (%), Qusx—the peak value of the runoff hydrograph
(m3/s), A and B—the parameters determined for each basin separately (/).

2.4. Hydraulic Model

The hydraulic model consists of two basic components: the first component is the
culvert flow capacity calculation model, and the second one is the hydrograph transfor-
mation model of the runoff hydrograph in the accumulation on the upstream side of the
road. The result of the first component of the hydraulic model is a culvert performance
curve which was determined using the HY-8 software (Federal Highway Administration
(FHWA), Washington, DC, USA) [57]. The main advantage of HY-8 software is its compati-
bility with the software Watershed Modeling System (WMS) [41], which has been used for
hydrological modeling.

Hydraulic modeling of the current culvert condition requires the inclusion of the
accumulated sediment level inside the culvert in the flow capacity calculation. The accu-
mulation of large quantities of stone sediment at the inlet, outlet, and the culvert body is
a result of a significant amount of sediment production on small mountain catchments,
especially in the catchments with sparse vegetation. This process directly influences the
probability of road overtopping occurrence, which is why the problem of calculating the
capacity of culverts filled with sediment was analyzed by combining the two aspects: the
friction coefficient change aspect and the aspect of decreasing the cross-sectional area of the
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culvert. The percentage of cross-sectional sediment filling in the culvert (Hy) was defined
as the ratio between the height of the culvert cross-section (h) and the average height of
accumulated stone sediment inside the culvert (he). The average height of accumulated
stone sediment was determined by comparing technical documentation of the constructed
culvert and results of geodetic surveying of the current condition of the analyzed culvert.

One of the main advantages of HY-8 software usage is the possibility of entering
the complex geometry of culvert cross-section by entering the points of the upper and
lower side of the culvert cross-section in the X-Y coordinate system (Figure 5a), as well
as entering different coefficients of friction for the modeling of a culvert filled with stone
sediment (Figure 5b).

Legend:
@ @ Points for culvert
cross section

e Wetted perimeter with
n1l value of Manning's
coefficient

e Wetted perimeter with
n2 value of Manning's
coefficient

he - sediment filling
height
h - culvert's height

>
>

X

Figure 5. Defining the points and friction coefficients for the cross-section profile of the culvert: (a) for the designed culverts

and (b) existing culverts filled with sediments.

The averaged value of Manning’s roughness coefficient for the cross-section of the

culvert filled with stone sediment was determined using the equation by Yen [66,67]:

is O (m).

The second component of the hydraulic model is the hydrograph transformation
model of the runoff hydrograph in the accumulation on the upstream side of the road.
Approximation of triangular hydrographs was used for the hydrograph transformation

_ X(ni-0j)
2L 0;
where: n,—equivalent (or averaged) Manning’s roughness coefficient (m~13s), n—

individual Manning’s roughness coefficient (m~1/3s) for each surface area with a wet-
ted perimeter length O; (m), where the total length of the wetted perimeter of cross-section

model for small mountain catchments, as shown in Figure 6.

Output hydrograph

in
out Qmax

Flow [m3/s)
Flow [m3/s]

(a)

Input hydrograph

Time (h]

Time (h]"

Q"(t)
(74

Flow [m3/s)

Q" (b)

out
max

>

T >

AL

> T:vl R Time [h]

>

Figure 6. (a) Schematization of the hydrograph transformation model and (b) the triangular approximation of the inlet and

outlet hydrograph.
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Legal regulations:

The hydrograph transformation model calculates the transformation coefficient of
the hydrograph peak (K ), based on the volume of temporarily accumulated water on
the upstream side of the road (Vi4,) and the volume of the runoff hydrograph (V). The
transformation coefficient of the hydrograph peak, K¢ (/), represents the ratio between
the value of the peak of the inlet hydrograph, QI (m3/s), generated by the runoff due
to a design rainfall, and the value of the peak of outlet hydrograph of culvert discharge,

out (m3/s). The triangular hydrograph approximation enables derivation of Equation (3),
of which similar forms can be found in other literature [68], for the calculation of the

transformation coefficient of the hydrograph peak:

?rtlatx Vtaw
Ko = 202 — 1 - 2o ®)
max

2.5. Algorithm for Road Culvert Maintenance Based on the Overtopping Occurrence Probability

The CMOOP algorithm for small mountain catchment was formed to assess the
current condition of the culvert, as well as effects of rehabilitation or reconstruction works,
based on the legally defined safety criterion of the overtopping occurrence probability. The
analyses of the CMOOP algorithm were systematized into initial, first, second, and third
phase analyses, and this is presented in Figure 7.

Data preparation: | | | l_

Safety Criterion of Road [ Digital elevation model I I Design rain I ‘—~| Culvert performance curve ‘
Overtopping Occurrence
Probability (SCROOP)

Catchment parameters

Oversized Culverts (CHOC)

| Runoff hydrograph ‘

Hydrograph peak
generation

transformation
T

Criterion for Hydraulically | I Soil type data |

Regression equation:
Peak flow occurrance |

|

|

} Land use data

|

: probability
|

|

|

|

Volume of temporary =
accumulated water J i

|

|

in out
Qmax =Qmax /Ke [———-

Hydraulically oversized |

cu

- -

Legend:

Analized culvert
condition satisfies the

Safety Criterion of Road l ‘ Second phase analysis
Overtoping Occurrence -
Probability (SCROOP) Third phase analysis | Rehabilitation works | | Reconstruction works |

-:. Initial phase analysis

l First phase analysis

‘ Algorithm main relations | I

P } Algorithm secondary relations Hydraulic model parameters determination for new | |
condition of culvert

Figure 7. The algorithm for road culvert maintenance based on the overtopping occurrence probability (the CMOOP algorithm).
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The algorithm (Figure 7) gives a scheme of the main and secondary decision-making
processes when assessing the current condition of the road culvert, as well as the effects
of rehabilitation or reconstruction works, based on the probability of road overtopping
occurrence. The initial phase of the algorithm analysis comprises the following domains:
legal regulations, data preparation, hydrological model, and hydraulic model. In the
domain of legal regulations, the safety criterion for road overtopping occurrence probability
(SCROOP) was adopted according to the legal regulations and, based on this criterion,
the criterion for hydraulically oversized culverts (CHOC) was defined. Based on the legal
regulations relating to the design of new culverts, the return period of a flood that the
culvert needs to convey was determined (TIS,CROOP ) [1,26,29]. The SCROOP is defined as a
probability of occurrence (in percentage) corresponding to the legally determined return
period (T}S)CROOP in years) and it can be calculated according to Equation (4):

100

TSCROOP [
p

SCROOP = %). )

The CHOC can be determined based on the return period TgHOC, which has twice the

value of TSCROOP according to the formula equivalent to Equation (4). The remaining three

domains of the initial phase of the CMOOP algorithm (data preparation, hydrological, and
hydraulic model) have been explained in Sections 2.2-2.4 of this paper.

The CMOOP algorithm for small mountain catchments analyses all three possible
conditions of the road culvert (existing, repaired, and reconstructed condition) for satisfac-
tion of SCROOP. The implementation of three possible culvert conditions in the CMOOP
algorithm was performed using an iterative counter (i), where i = 0 refers to existing culvert
condition, i = 1 refers to rehabilitation works applied, and i > 1 refers to reconstruction
works applied.

The first phase of the analysis checks if the existing condition of the culvert (i = 0)
satisfies the CHOC. The existing condition of a culvert is evaluated by including in the hy-
draulic calculations all physical conditions that the culvert is operating in: the accumulated
stone sediment, degraded concrete surfaces, vegetation blockage of inlet/outlet, etc. The
comparison of values of culvert maximum flow (Q3 ) and flow defined for CHOC value
(Q (CHOQ)), based on the regression equation (Equation (1)), determines if the culvert
design is hydraulically oversized, in other words, whether the culvert has other primary
purposes (to provide a passage for people or vehicles, or safe passage for wild animals).
The culverts that meet the CHOC criterion also meet the SCROOP criterion.

The aim of the CMOQP algorithm’s second phase of analysis is to determine whether
the existing condition of the culvert, which is not hydraulically oversized, satisfies the
SCROORP criterion. Based on the value of maximum culvert outflow (Q3Y) and the
transformation coefficient of the hydrograph peak value (Ky), the value of inlet hydrograph
peak (QIf,. ) can be determined and its probability of occurrence (P(Q!1,,)) can be calculated
from the regression equation (Equation (1)). The comparison of the value of the probability
of occurrence of inlet hydrograph peak (P(QL,,)), to the value of SCROOP, determines the
SCROOP fulfillment for the existing condition of the culvert.

The culverts whose condition does not meet the SCROOP criterion undergo the third
phase of the CMOOP algorithm analysis in order to meet the safety criterion. The third
phase of the algorithm analyzes the effects of rehabilitation and reconstruction works on
the culvert’s flow capacity increase. Under the assumption of application of rehabilitation
works on the culvert, which includes all necessary works for returning the current culvert
state into a designed condition, the parameters of the hydraulic model for the rehabilitated
culvert state (i = 1) are determined. The algorithm then returns the calculation to the
hydraulic model of the initial phase, after which the algorithm performs the second phase
analysis and determines the SCROOP fulfillment for the rehabilitated culvert state.

If the rehabilitation works on the culvert do not ensure the satisfaction of the SCROOP
criterion, the CMOOQOP algorithm analyzes the impact of the works on the reconstruction
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of the culvert, according to the same evaluation system as for the rehabilitation works.
Assuming the application of different types of works on the reconstruction of the culvert,
which implies hydraulic shaping of the inlet structure, riverbed arrangement before and
after the culvert, and construction of a new culvert next to the existing one, the parameters
of the hydraulic model for the reconstructed culvert condition are determined (i > 1).
The CMOOP algorithm suggests an iterative process of evaluation of different types of
reconstruction works (for i > 1) where individual reconstruction works are analyzed
according to the SCROOP fulfillment criterion, which makes this algorithm suitable for
implementation in the techno-economic analysis.

3. Results ad Discussion

Based on the collected data, the CMOQOP algorithm was applied for each of the
67 analyzed culverts on the studied section of the mountain road between Raska and Novi
Pazar, in the Republic of Serbia (Figure 1). In this section, the results of all calculation
phases of the CMOOP algorithm application, the results of the analysis for verifying basic
research hypothesis, and the summary of the final results will be presented and discussed.

The application of the CMOOP algorithm for all culverts on a section of the road
enables a comparative analysis of the obtained results, based on which general conclusions
can be given on the probability of road overtopping occurrence on the analyzed road section.
The first phase of analysis in the CMOOP algorithm selects the hydraulically oversized
culverts, i.e., the culverts that are dimensioned by other primary criteria. According to the
legal regulations, the return period of the flood that needs to be conveyed through the road
culvert is T}S,CROOP = 50 years, and, using Equation (4), the SCROOP = 2% was calculated.

For the purpose of defining the second criterion, the return period TgHOC

TSCROOP

= 100 years
was determined as double the value of , and, using the equation equivalent to
Equation (4), the CHOC = 1% was calculated. Figure 8 shows a comparative presentation
of the results of the first phase of the application of the CMOOP algorithm for the analyzed
road section.
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Figure 8. Compared values of maximum culvert capacity Q3% and the flow value according to the CHOC, Q (CHOC), for
each culvert on the analyzed road section.

The first phase of the CMOOP algorithm application performs a selection of hydrauli-
cally oversized culverts, where Q3 > Q(CHOC), for which the cross-sectional shapes are
painted blue in the row culvert type of Figure 8. According to the statistical results of the

first phase of analysis, 19.4% of the analyzed culverts are hydraulically oversized. The
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obtained statistics correspond to the results of the research by Conesa-Garcia and Garcia-
Lorenzo [26], which compared the maximum culvert flow capacity and the hydrograph
peak values for a 100-year flood flow, which, in this case, corresponds to the return period
of the CHOC criteria. As the CHOC has a lower probability value compared to SCROOP, it
can be concluded that the existing-condition culverts that meet the CHOC also meet the
SCROOP criterion.

The above-mentioned statistics correspond to the statement that hydraulically over-
sized culverts have been dimensioned for other primary purposes. Taking into account
that the analyzed road section follows the river on a high embankment, which separates
houses from agricultural farmland near the river, it can be concluded that hydraulically
oversized culverts have been dimensioned for the passage of people and agricultural
vehicles. The hydraulically oversized culverts include 61.54% box culverts; the remaining
38.46% are pipe-arch culverts, and there are no hydraulically oversized pipe culverts. The
cross-sectional geometry of the box and pipe-arch culverts make them suitable to be sized
for other primary functions. On the other hand, the geometry of pipe culverts is not suitable
for the mentioned uses, which was confirmed by the statistics.

The results of the CMOQOP algorithm’s second phase of analyses identify the culverts
that, in their current condition, meet the SCROOP criterion by comparing the probabilities
of occurrence of runoff hydrograph peak value, P(QR,.), and SCROOP. The summary of
results of the second phase of analysis is presented in Figure 9 where the Q.. flow values
are compared with the values of flow that correspond to the probability occurrence of the
SCROOP, Q(SCROOP), defined based on the inversion of Equation (1) for each culvert that
was not hydraulically oversized.

10

Legend:

COQA - SCROOP satisfied culverts
E@A - SCROOP unsatisfied culverts
Culvert types: A

|:| - Box

-pi A
2 -Zi‘;:-arch A A
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(0} ’ ()
(o) A

0.1

0.1 10

Q(SCROOP) [m/s]
Figure 9. Results of the second phase of analysis: checking if the existing condition of culverts meets
the SCROOP.

The culverts with QI higher than Q([SCROOP), or culverts positioned above the red
line in Figure 9, are culverts with the existing condition that satisfies the SCROOP criterion.
Grouping data around the division line implies that a great majority of culverts on the ana-
lyzed road section had satisfied the SCOOP in the designed condition. With the exclusion
of hydraulically oversized culverts, a total of 37.03% of culverts meet the SCROOP criterion
in their present state. By including the hydraulically oversized culverts in the calculation,
then 49.25% of the analyzed culverts on the studied road section satisfy the SCROOP
criterion which corresponds to the statistics obtained in similar research [26,69]. Statistical
results produce a conclusion that culverts on the analyzed road section were properly
designed, although the design of the complete road section was done almost fifty years
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ago with limited hydrological data. The current condition of culverts that do not satisfy
the SCROOP can be improved by the application of rehabilitation or reconstruction works.

The third phase of the CMOQP algorithm analysis determines the impact of rehabilita-
tion and reconstruction works on the fulfillment of SCROOP criterion for all culverts whose
current condition did not meet the SCROOP. The presentation of summary results of the
third phase of analysis (Figure 10) shows a distinction between the culverts that can satisfy
the SCROOP criterion if rehabilitation works are applied and those culverts that need
reconstruction works as they are hydraulically undersized. The impact of rehabilitation
works is presented by the ratio between the probability of road overtopping occurrence for
the current culvert condition and the rehabilitated culvert condition.

100

10

) Legend:
O0A - SCROOP satisfied by

D o O rehabilitation works applied
-.A - Reconstruction works

A needed for SCROOP satisfying|
A ° Culvert types:
D - Box
o - Pipe
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P [%] current condition
>
(@]
@]

SCROOP =29

0.1 1 10 100
P [%] rehabilitation works applied

Figure 10. Effects of the culvert rehabilitation works on the fulfillment of SCROOP.

The analysis of the rehabilitation works application effects on the culverts which
current condition does not satisfy the SCROOP (Figure 10) shows that application of the
rehabilitation works can ensure that 82.35% of those culverts meet the SCROOP crite-
rion. According to the CMOOP algorithm, for the remaining seven culverts, which are
hydraulically undersized, the application of reconstruction works to satisfy the SCROOP
criterion is needed. The reconstruction works can apply different techniques for satisfying
the SCROQP criterion, from designing the new inlet/outlet structure to the complete
replacement of the analyzed culvert.

The results (Figure 10) show that the rehabilitation works can ensure the SCROOP
is met by 89.55% of culverts on the analyzed section of the road, which leads to the
conclusion that the rehabilitation works, as part of the maintenance process, should be more
frequent. Most of the rehabilitation works make regular maintenance works (cleaning up
the sediment, removal of vegetation from the inlet and outlet of the culvert). The frequency
of road culvert maintenance depends on the culvert inspection plan, which can be improved
with the application of decision-making techniques and the CMOOP algorithm.

For the research hypothesis testing, the impact analysis of accumulated stone sediment
removal on the culvert’s flow capacity increase has been done. This type of analysis needs
the main assumption, which was defined as: Removal of accumulated sediment inside the
culvert has the greatest impact on the increase of the flow capacity of existing culverts. The
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percentage of flow capacity increase (PFI) of the culvert before and after the rehabilitation
works application can be calculated by Equation (5):

out—R __ ~out—C
PFI = (me Out_%max ) -100 [%)]. )
max
out—C

where: Q3 R —maximum culvert flow capacity after the rehabilitation works, Qp15x
maximum flow capacity of the culvert in its current condition, before the rehabilita-
tion works.

The correlations between the percentage of cross-sectional sediment filling (Hg¢) of the
culvert and the percentage of flow capacity increase (PFI) are shown in Figure 11 for all
analyzed culverts which satisfy the SCROOP after the application of rehabilitation works.
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Figure 11. Correlation between H and PFI for culverts that satisfy SCROOP after application of rehabilitation works: (a)

for all culverts, (b) for pipe culverts, and (c) for pipe arch culverts.

For all road culverts that satisfy the SCROOP criterion after the application of rehabili-
tation works (Figure 11a), a correlation equation (Equation (6)) was determined:

PFI = 0.846 Hy; + 16.001 (6)

The high correlation coefficient (R? = 0.899) confirms the view that removing the
accumulated stone sediment from road culverts is the most significant activity within the
rehabilitation works on the culverts. However, in the case of two culverts, i.e., culverts no.
39 and 46, this is not the case, because they require rehabilitation works of their inlet and
outlet parts due to the extremely lush vegetation. The increase in the flow capacity due to
the removal of stone sediment from the culvert (Figure 11b) most affects the pipe culverts
(R? = 0.984), which is confirmed by the value of the slope coefficient of the regression line in
the correlation equation that is close to 1 (Equation (7)). The lower value of the correlation
coefficient (R? = 0.848) for the pipe-arch culverts (Figure 11c) is a consequence of the
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greater impact of rehabilitation works on the inlet and outlet parts of the culvert, for which
the correlation Equation (8) was determined. The correlation analysis was not performed
for the box culverts that met the SCROOP after application of rehabilitation works because
of the small number of samples (only three culverts, one of which is non-correlated in the
correlation dependence for all culverts).

PFI = 0.926 H; + 13.542 @)

PFI = 0.722 Hy; + 20.714 8)

After conducting the correlation analyses, the accumulated stone sediment inside the
culvert was identified as the main reason for not fulfilling the SCROOP criterion, which
confirms the main assumption, and the basic hypothesis of this research.

By applying the CMOOP algorithm for each of the 67 road culverts, the fulfillment of
safety criteria was checked, first for CHOC (first phase of analysis), and then for SCROOP
(second phase of analysis), for the existing culvert condition. For the culverts with existing
conditions that do not meet the SCROOP criterion, analyses of the effects of rehabilitation
and reconstruction work on the culverts (the third phase of the analysis) were performed
in order to satisfy the SCROOP criterion. Figure 12 shows the summary of results of the
application of the CMOOP algorithm for all culverts on the analyzed road section.
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Figure 12. Summary of results of the CMOOP algorithm application for all culverts on the analyzed road section between

Ragka and Novi Pazar.

Although the CMOOP algorithm was applied for each road culvert separately, sum-
mary results of the algorithm application for all culverts on the analyzed road section
(Figure 12) can provide important information for culvert maintenance. The summary
classification of road culverts according to their fulfillment of the SCROOP criterion clas-
sifies culverts into those that satisfy the SCROOP criterion (hydraulically oversized and
satisfied by existing condition) and the culverts that demand application of rehabilitation
or reconstruction works in order to satisfy the SCROOP criterion.

The summary results of the SMPOO algorithm application presented in Figure 12,
enables the identification of road sections with a larger number of culverts that need
rehabilitation and reconstruction works in order to meet the SCROOP criterion. The study
by Doll et al. [69] presents the results similarly, according to the location of the culvert on
the river length, for the purpose of practical application. Maintenance of road culverts
on mountain road sections can be planned based on the summary results of the CMOOP
algorithm application (Figure 12), which is particularly valuable in practice.

According to the conducted analyses, it can be concluded that, on the analyzed road
section, the road culvert’s level of maintenance needs to be increased. The obtained results
are of significant importance for future planning of road culvert maintenance on the
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mountain road sections. The application of decision-making techniques and the CMOOP
algorithm can improve the plans for culvert inspection, and consequently the frequency of
road culvert maintenance [70].

4. Conclusions

The objective of this research was to develop a practically applicable algorithm for road
culvert maintenance based on the probability of road overtopping occurrence (CMOOP
algorithm) for small mountain catchments and validation of our basic hypothesis. By
applying the CMOOP algorithm to the mountain road section between Raska and Novi
Pazar, in the Republic of Serbia, the possible applications of the results of the proposed
algorithm were presented. Based on the obtained results, the following conclusions for the
analyzed road section were drawn:

e  19.4% of the analyzed culverts were hydraulically oversized, which means that they
were designed using other primary criteria (passage of people and vehicles, or safe
passage of wild animals), which is typical for mountain road sections;

e 49.25% of analyzed culverts satisfied the safety criterion (SCROOP) in their existing
condition, which means that even though they are poorly maintained, most of the
analyzed culverts were designed in compliance with the official legal regulations;

e if rehabilitation works are applied on the selected culverts, the percentage of culverts
satisfying the SCROOP criterion would reach 89.55%, which confirms the poor culvert
maintenance on the analyzed road section and confirms our research basic hypothesis;

e  for 10.45% of the analyzed culverts that were hydraulically undersized, the application
of reconstruction works to satisfy the SCROOP is needed; and

e the accumulated stone sediment inside the culvert was identified as the main reason
for not meeting the SCROOP criterion, which was confirmed by the high correlation
coefficients between the level of culvert sediment filling and the flow capacity increase
rate of the culvert by application of rehabilitation works. This conclusion also indicates
the poor maintenance of the road culverts on the analyzed road section.

Consider all the above-mentioned points, we concluded that the CMOOP algorithm
analyzes the road culvert’s condition based on the road overtopping occurrence probability
and that appying the results of the proposed algorithm can provide significant data for
planning future maintenance works. The implementation of the CMOOP algorithm in
systems for culvert inspection planning, which are based on artificial intelligence and
decision-making techniques, can improve road culvert maintenance.

A potential direction of further research could be modifying the CMOOP algorithm
so that it can be applied for the culvert’s condition analysis on streams with a base flow of
water and lowland stream catchments or inclusion of the risk analysis in the algorithm.
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Acronyms

GIS Geographic information system

SCROQOP  Safety criterion for roadovertopping occurrence probability
WMS Watershed modeling system

IDF Intensity—duration—frequency

FCE Flow calculation equations

DEM Digital elevation model

NASA National aeronautics and space administration

ASTER Advanced spaceborne termal emission and reflection radiometer
SCS Soil conservation service

CHOC Criterion for hydraulically oversized culverts

PFI Percentage of flow capacity increase
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