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Abstract

In terms of engineering standards, the dimensions of hydraulic structures such as culverts on
forest roads should have the capability to drain the expected maximum discharge for a 50-year
return period during their lifespan (i.e., 20 years). In Turkey, Talbot's formula, as empirical
method, has commonly been used in determining the required cross-sectional area (CSA) of
the structures. However, in practice, forest road engineers in Turkey do not pay enough at-
tention to their construction with required dimensions calculated by Talbot’s formula. In the
present study, the Hydrological Engineering Centre — River Analysis System (HEC-RAS)
model was used to evaluate the dimensions of installed structures in terms of their ability to
drain maximum discharges, with the aim of determining the required dimensions for those
that could not meet this requirement. To this purpose, the 6+000 km forest road No. 410 in
Acisu Forest Enterprise, Gerede Forest Directorate (Bolu, Turkey) was selected as the study
area. In total, 15 small watersheds crossed by the forest road were delineated, with only six of
them having cross-drainage structures. The HEC-RAS model geometry was generated by
manual unmanned aerial vehicle (UAV) flights at altitudes of 5-15 m, providing very high
spatial resolution (<1 cm). The maximum discharges of the watersheds were estimated for the
HEC-RAS model using the Rational, Kiirsteiner, and Soil Conservation Service-Curve Num-
ber (SCS-CN) methods. Maximum discharges of 0.18—6.03 were found for the Rational meth-
od, 0.45—4.46 for the Kiirsteiner method, and 0.25-7.97 for the SCS-CN method. According
to the HEC-RAS hydraulic model CSA simulations, most of the installed culvert CSAs cal-
culated by Talbot’s formula were found to be incapable of draining maximum discharges. The
study concluded that the HEC-RAS model can provide accurate and reliable results for deter-
mining the dimensions of such structures for forest roads.
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1. Introduction

Forest roads, as the biggest investments in forests,
are constructed to provide sustainable, safe access to
forested lands for forestry applications such as logging
and plantation operations, transportation of timber to
mills, forest conservation, controlling fire outbreaks
and pest invasion, and forest planning (Hasmadi et al.
2008). These complex engineering structures need to
be properly constructed. Proper road construction and
maintenance activities become especially important
when forests are located in mountainous areas (Eker
and Aydin 2014). Once built, roads are virtually per-
manent structures in the landscape, and the wrong

road in the wrong place can have long-term conse-
quences for both the society and the environment. The
effects of roads on individual wildlife species and
populations, local communities, and landscapes may
begin during construction and continue as long as the
road remains in operation or until the impacts are
mitigated (van der Ree et al. 2015). Road networks are
responsible for a variety of effects on the environment/
natural systems in which they are constructed (Jones
et al. 2000), including reduction of forest area, loss of
habitats, intrusion of edge effects in natural contigu-
ous areas, creation of new habitats, isolation of native
species populations, road mortality, destruction of
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natural drainage, soil erosion, and river sedimentation
(Kochenderfer 1977, Case and Donnelly 1979, Egan et
al. 1985, Montgomery 1994, Wemple 1994, Luce 1997,
Forman et al. 2003, Aricak et al. 2010, Sorkhi et al.,
2012). In addition, road construction on any hill slope
will inevitably render the slope unstable and lead to
an increase in landslide events (Coker and Fahey 1993,
Allison et al. 2004, Eker and Aydin 2014). Landslides
may result from the weight added to the slope in the
embankment fill, steeper slopes on both the cut and
fill surfaces, removal of the cut-slope support, and the
re-routing and concentrating of road drainage water
(Sidle et al. 1985).

Although the very existence of forest roads may
already have negative effects on the environment,
these effects are increased when they are not con-
structed according to appropriate engineering stan-
dards. In this case, they cannot serve for as long a time
as planned since their geometry may be degraded
and/or destroyed due to meteorological factors, traffic
payload, maintenance applications, pavement struc-
ture, and other factors over time (Tighe et al. 2003).
Water is clearly the most effective factor causing the
degradation of forest roads (Scandari and Hosseini
2011). Following precipitation, the run-off water flow-
ing over a road surface, from cut-slopes as well as from
watersheds crossed by streams, plays an important
role in road surface damage (Bayoglu and Hasdemir
1991). Consequently, drainage systems are among the
essential technical infrastructures in forest road con-
struction (Rezvani 2012). Drainage systems demon-
strate their importance by controlling the surface and
subsurface water affecting forest roads and their sur-
rounding areas (Oztiirk 2020). However, the construc-
tion of such infrastructures (i.e., pipes, culverts, ditch-
es, dip-drains, and bridges) in suitable locations in
correctly determined type and size depending on the
terrain and road conditions is crucial for the success of
the road drainage systems (Schwab 1994). Inappropri-
ate construction of road drainage infrastructures will
also lead to their damage and shorten their prescribed
service life, e.g., 30 to 40 years in Turkey, according to
Oztiirk (2020).

The key point for road engineers for minimizing
the adverse impacts of roads and constructing them
according to good engineering standards is to focus
on the planning phase of a road project, prior to con-
struction or upgrading because once the road con-
struction is completed, there may be significant chang-
es or impacts that are irreversible or difficult to
mitigate (Keller and Sherar 2003). Road drainage in-
frastructures are designed by considering pre-deter-
mined goals of preventing soil erosion, destruction,
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and potential landslides in forest areas based on forest
conditions such as vegetation cover, soil, topography,
and hydrologic status (Mazdi et al. 2012). The drainage
culvert diameter, distance between culverts, and incli-
nation of a culvert to a road section are the most im-
portant factors in the road drainage system (Brinker
1995). The dimensions of drainage infrastructures
such as culverts and bridges on forest roads are basi-
cally determined according to Talbot’s formula, in
which estimation is made based on the cross-section
of the drainage structure (m?), area of the catchment
(km?), and coefficient »C« based on topography of the
basin (Bayoglu 1997, Menemencioglu et al. 2013, Oz-
tiirk 2020). However, the severity of water flow or the
amount of water discharge is the main criterion for
determining the dimensions of culverts. In the litera-
ture, various methods (e.g., the SCS curve number
method) have been used to estimate the discharge
amount when designing the dimensions of cross-
drainage culverts on forest roads (Mazdi et al. 2012).
Recently, as a more sophisticated approach, the Hy-
drological Engineering Centre — River Analysis Sys-
tem (HEC-RAS) has been used in the planning and
designing of highway drainage facilities for flood con-
trol (Maidment et al. 1998, Yalcin 2019, Damayanti et
al. 2020, Unes et al. 2020, Tektas and Polat 2021), for
evaluating the effectiveness of road-crossing drainage
culverts on ephemeral streams (Conesa-Garcia and
Garcia-Lorenzo 2013), in investigating highway drain-
age problems of a river bridge (Temesgen et al. 2015),
in assessment of drainage structure failures along rail-
way lines (Hirpessa and Hailu 2019), and in designing
a railway bridge (Silver et al. 2011). However, few
studies investigating the use of the HEC-RAS related
to forest roads are found in the literature. Parsakhoo
(2018) investigated flow properties of a forest channel
in the cross-passage of a road via the HEC-RAS. Fur-
thermore, Demir (2019) also used it to assess forest
roads and drainage structures in terms of flood risk.

A hydraulic or hydrodynamic model is generally
created using topographic data in the form of a Digital
Elevation Model (DEM) (Saksena and Merwade 2015).
The topographic data should represent an accurate
geometric description of the river channel and its sur-
roundings (Horritt and Bates 2002), and DEMs, as rep-
resentations of channel geometry, are also important
for river cross-section measurements (Vozinaki et al.
2017). In recent years, advanced remote sensing tech-
niques have been generating high-resolution DEMs
and significantly improving the accuracy of hydraulic
models (Yalgin 2019). Farooq et al. (2019) assessed
DEM flood model sensitivity using the HEC-RAS
model with satellite-based 12 m WorldDEM, 30 m
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SRTM, 30 m ALOS, and 30 m ASTER DEMs. In addi- = flexibility in hosting different kinds of sensors
tion, light detection and ranging (LiDAR)-based high- that can be selected depending on the parameter
resolution DEMs have been used with the HEC-RAS under investigation

(Stoleriu et al. 2020, Hutanu et al. 2020). Lately, un- = control over timing of flights enabling the user
manned aerial vehicle (UAV) photogrammetry has to optimize the exact time

also been used to create very high-resolution topo- = data acquisition with very high spatial resolu-
graphic data in hydraulic models (Mourato et al. 2017, tion.

Yalcin 2019, Yavari et al. 2020). Its frequent use is most-

In terms of engineering standards, the dimensions
ly due to the advantages of UAV technology (Torresan

of hydraulic structures such as culverts on forest roads

etal. 2017) such as: should have the capability to drain the expected max-
= low material and operational costs and high- imum discharge for a 50-year return period during
intensive data collection their lifespan (i.e., 20 years). In Turkey, Talbot’s for-
}1\ N
[STANBUL =
Q BOLU GEREDE
AR BOLU
TURKEY
20100 20 40 80 km
I N

Road
@  Existing culverts

250125 0 250 1000 m . Stream crossings
| . s Watershed boundaries

Fig. 1 Location of the study area. Grey line represents the forest road, two colored dots are corrugated plastic pipe culverts, one colored dots
are stream crossings that need a culvert, and white polygons are watershed boundaries. The culvert numbers are identical to the numbers
of watersheds
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mula, as an empirical method, has commonly been
used to determine the required cross-sectional area
(CSA) of the structures. However, in practice, forest
road engineers in Turkey do not pay enough attention
to their construction with required dimensions calcu-
lated by Talbot’s formula. In the present study, the
HEC-RAS model was used to evaluate the dimensions
of installed structures in terms of their ability to drain
maximum discharges, with the aim of determining the
required dimensions for those that could not meet this
requirement. Also, UAV technology was used to get
very high resolution geometric data required for HEC-
RAS models by conducting low altitute manual flights.
Therefore, both the use of HEC-RAS models in deter-
mining dimensions of hydraulic structures on forest
roads and the use UAV technology in creating very
high resolution geometric data for improving HEC-
RAS models were presented as a novelty of this study.

2. Materials and Methods

2.1 Study Area

The study area including forest road No. 410 is lo-
cated in Acisu Forest Enterprise, Gerede Forest Direc-
torate (Bolu, Turkey). The coordinates of the area are
40° 52’ 59.76” — 40° 40" 24.65” and 32° 15’ 47.57” — 32°
34’ 35.37” in the WGS84 coordinate system. The road
was constructed as 6+000 km in 2018 (Fig. 1). Accord-
ing to the geographic information system (GIS)-based
hydrological analysis performed in the study, in total,
15 small watersheds are crossed by the forest road.
According to field observations and surveys, there
were only 6 cross-drainage structures consisting of
corrugated plastic pipes on the road (Fig. 1). Culvert
14 had a diameter of 65 cm, whereas the other culverts
(No. 3, 6, 7,13, and 15) had a diameter of 85 cm. Cul-
vert 3 and Culvert 7 were 12.5 m in length, whereas
the other culverts (No. 6, 13, 14, and 15) were 6.5 m in
length. Additionally, nine major deformations (e.g.,
erosional washouts, subsidence, collapses, small-scale
landslides, etc.) were observed over the road, six of
which were caused by the lack of a culvert.

2.2 Workflow of Study
The workflow of the study includes the following
steps (Fig. 2):
= data acquisition and pre-processing
= calculating maximum discharges of watersheds
= hydraulic analyses using HEC-RAS

= comparing CSAs from Talbot’s formula with
those of HEC-RAS hydrological models.
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Fig. 2 Workflow of study

The data acquisition and pre-processing step con-
sisted of three work groups carrying out UAV photo-
grammetry, obtaining precipitation data, and obtain-
ing and generating maps. All processing and analysis
steps are described in detail in the following sections.

2.3 Data Acquisition and pre Processing

In this study, a topographical map at a scale of
1/25000, daily total precipitation data (mm), a major
soil type (MST) map, and a forest-stand type (FST)
map indicating land-cover data were obtained from
governmental agencies. The topographical map was
obtained in vector format for generating the DEM that
was the basis for many GIS applications in this study.
Daily total precipitation data are recorded by Gerede
Meteorology Station (GMS), which has been recording
weather parameters such as precipitation, wind, and
rainfall intensity since 1963. The DEM generated from
the topographical map was used to delineate specifica-
tions of the watersheds, such as boundaries and areas.
The FST map was obtained from the Gerede Forest
Directorate and the MST map from the Ministry of
Agriculture and Forestry, General Directorate of Ag-
ricultural Research and Policies. An area weighted
average slope (AWAS) map was generated from the
DEM. The hydrological soil group (HSG) map was
generated in four groups by using the AWAS and MST
maps (Mockus 1964, SCS 1964, SCS 1986). Curve num-
bers (CNs) were determined for each of the land-use
types from both the FST and HSG maps. As one of the
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[ UgCS graphical user interface and flight plan ]

Fig. 3 Used equipment

important phases of this study, fieldwork was carried
out to survey the drainage structures and the deforma-
tions over the platform and cut slopes of the road
caused by drainage problems. First, the diameter (cm)
and length (m) of the drainage structures were mea-
sured. The coordinates of the structures were then
taken using a global navigation satellite system
(GNSS) receiver. In addition, the deformations along
the road such as landslides, culvert washout, erosion
cracks, etc. were investigated.

In the present study, UAV technology was used to
create very high-resolution orthomosaics and DEMs.
There are three main steps in UAV photogrammetry
(Eker et al. 2018):

= off-site preparation

= on-site preparation and image acquisition

= post processing.

In the off-site preparation, UAV flights were
planned using Universal Ground Control Software
(UgCS) version 2.13.519 (Fig. 3). On-site preparation
and image acquisition involved field work such as ap-
plying ground control points (GCPs), which were sur-
veyed at <3 cm centimeter accuracy using a SATLAB

T T

Topcon GTS 105N total station
used for surveying GCPs when GNSS could not be used

SL600 GNSS receiver (Fig. 3), and conducting the
flights. The GNSS receiver acquires the position cor-
rections by NTRIP technology via an Internet connec-
tion in CORS mode. When the GNSS receiver could
not be used, i.e., when the Internet was cut off during
field work, the Topcon GTS 105N total station (Fig. 3)
was also used. The DJI Mavic Pro (Fig. 3) UAV plat-
form was used to acquire images. In this study, UAV
flights were carried out both manually and in autono-
mous mode. The autonomous flight was carried out
for mapping the entire road from an altitude of 50 m,
whereas the manual flights were conducted at lower
altitudes varying from 5 to 15 m in order to obtain
more detailed maps of road-stream crossings. Manual
flights were also performed to map surfaces located
under the vegetation, with images taken at oblique
angles and not from a nadir view. The post-processing
step included processing images taken via Agisoft
Metashape Professional Software. Before creating the
DEM, point clouds were classified to eliminate ground
cover (such as trees and bushes) existing on the banks
of the gully from the point cloud by using »Classify
Ground Points« tool in Agisoft software, which allows
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to filter ground and above ground points automati-
cally. The UAV-DEMs were then created for use as
input for further processes.

2.4 Calculating Maximum Discharges and
HEC-RAS Simulations

In this step of the study workflow, the maximum
discharges of the watersheds were estimated for hy-
draulic analyses using the HEC-RAS model (HEC-
RAS software version 5.0.7). Two main inputs are nec-
essary to simulate the flow in HEC-RAS:

= model geometry including topography and
specifications of the structure

= flow data.

The terrain data (DEMs) generated by the manual
UAV flights for each stream crossing were used as the
basis (USACE 2020). The DEMs used here had a spa-
tial resolution of less than 1 cm. Cross-sections, banks,
and thalweg lines were digitized over these very high-
resolution DEMs. Specifications of the structure (type,
length, diameter, etc.) and ineffective flow areas were
also defined. Estimated maximum discharges were
used to prepare the flow plan. The HEC-RAS model
was used to evaluate whether or not the existing cul-
verts could handle the maximum discharge flow. The
HEC-RAS models were also re-simulated by editing
the size of the existing structures until finding the re-
quired CSA for a culvert based on determined maxi-
mum discharge. Moreover, the resulting size of the
culverts was compared with the size of the culverts
determined by Talbot’s formula. In other words, this
study aimed to compare the CSAs of culverts con-
structed on road with CSAs calculated by Talbot's for-
mula, and determined by HEC-RAS simulations. Even
though Talbot’s formula needs to be used for the cal-
culation of CSA, the forest road engineers did not pay
enough attention to construct culverts according to
CSAs calculated by Talbot’s formula. Before deciding
the CSA of a culvert in adequated engineering stand-
arts in planning phase, the design life and hydrologi-
cal risk of failure had to be calculated. In this context,
the design life of a culvert (n) was determined as 20
years and the return period (T) as 50 years. The hy-
draulic risk of failure ( for the given n and T values was
calculated according to the risk analysis method (Eq.
1) described by Chow (1964).

R=1-(1-1/T (1)
Where:

N is design life, years
T isreturn period
R is hydrological risk of failure.
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The empirical method of Talbot’s formula was used
in determining the CSA (Eq. 2).

§=5791x Cx VA )

Where:
S is CSA of a cross-drainage structure, m’
A is watershed area, km’
C is Talbot’s coefficient.
In this study, the maximum discharges were esti-
mated using;:
= Rational method (Mulvaney 1851)
= Kursteiner method (Kollersberger 2009)
= Soil Conservation Services-Curve Number (SCS-
CN) method (SCS 1964, Kent 1968, SCS 1972,
Chow et al. 1988, SCS 1985, Johnson 1998,
Mishra and Singh 1999, Neitsch et al. 2001).

The Rational method calculates the maximum dis-
charges based on the parameters given in Eq. (3).
Q=CiA/3.6 3)

Where:

Q is maximum discharge, m’/s

C is runoff coefficient (Chow et al. 1988)
i is Talbot’s coefficient

A is drainage area, ha.

The Kiirsteiner formula is given in Eq. (4). The ad-
aptation coefficient required in this formula was ob-
tained from Table 1.

HQ=a*A}> )

Where:

HQ is the peak discharge, m*/s
A; is watershed area (km?)

a is adaptation coefficient.

Table 1 Adaptation coefficients (Kollersberger 2009)

\Watershed Characteristics HQ100 | HQ50
Flat or hilly surface, rich in vegetation and absorbent soil 9 5
Steep terrain with sparse vegetation and impenetrable soil 12 8

The third approach used to estimate the maximum
discharge was the SCS-CN method. This method esti-
mates the maximum discharge related to land-cover
types and rainfall through a curve number. Eq. (5) was
developed from recorded precipitation data that in-
cluded the total amount of rainfall in 24 h, but not its

(o)
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distribution with respect to time (5CS 1964, Mockus
1964, Kent 1968, SCS 1985, USACE 1993).

Q=P-L)}/[(P-1)+5] ©)

Where:

Q is accumulated direct runoff

P is accumulated rainfall

I, isinitial abstraction including surface storage
S is potential maximum retention.

According to Bo et al. (2011), a relationship was
developed between the I, an S parameters. This rela-
tionship eliminated the need for the calculation of I,
for common use. According to this relationship, if
P>0.25, it can be assumed that [,=0.2S, and by substi-
tuting 0.25 for I, the new Eq. (6), will be as follows.

6
0 P<0.2S§ ©

0- {(P ~0.25) /(P+0.85) P>02S
To make Eq. (6) suitable for application, S is ex-
pressed in the form of a dimensionless runoff curve
number (CN) that represents the discharge potential
of the land-cover/soil characteristics governed by the
soil antecedent moisture condition (AMC), soil type,
land use, and treatment. Potential maximum retention
(S) was calculated by Eq. (7).

$=25400 / CN - 254 )

The AMC is categorized in three groups: dry (low-
er limit moisture or upper limit of S), moderate (nor-
mal or average soil moisture condition), and wet (up-
per limit of moisture conditions or lower limit of S),
referred to as AMC I, AMC II, and AMC III, respec-
tively (Mishra and Singh 1999). The CN value of AMC
II (CNII) was calculated by Eq. (8), and the CN values
of AMC I (CNI) and AMC III (CNIII) were calculated
according to the CNII value by applying Eq. (9) and
(10), respectively (SCS 1985, Hawkins et.al 1985):

CNII = 2;(@\@ xA)|A )
CNI= (4.2 x CNII)/ (10~ 0.058 x CNII)  (9)

CNIII = (23 x CNII) / (10+0.13 x CNII)  (10)

Maximum discharge was calculated by
Qax = 2.08(ROX A/ tpeak), toeac Was calculated by
Toeak =(D / 2)t|ag , Intense precipitation was calcu-
lated by D =(0.133xt,, . )/ 0.6, and t,,, was calculated
by t,,, = 0.6t, time of concentration was calculated by
Kiprich equation f, =0.0195x(L""7 /$"%*). Where
Quax is maximum discharge (m?/s), R, is runoff (cm), A

A.Aql etal.

is watershed area (km?), tpear time of reaching the peak
flow (hours), D is duration of intense precipitation,
tlag delay time (hours), L is the length of mainstream,
S is the main channel slope.

The frequency analysis was performed using the
Log Pearson Type III (LP III) distribution method to
determine the discharge amount for a 50-year return
period (Eq. 11) (USGS 1982, USACE 1993, Griva et al.
2003).

Xipr = ()_(1 + KLP,Tsl) (11)
Where:
Xy pr logarithm of predicted discharge, at return pe-
riod T

X average of annual peak discharge logarithms

Kipr afunction of return period and skew coefficient
provided in frequency factor by Haan (1977)

S, standard deviation of logarithms of annual peak
discharge.

3. Results and Discussion

According to observations and surveys during the
fieldwork, there were 15 stream crossings along the
road investigated, with six of them having a corru-
gated pipe culvert. Fig. 1 depicts the position of the
corrugated pipe culverts and cross-drainage points
(stream crossings) that required a culvert. The culverts
over stream crossings were numbered the same as the
relevant watershed, i.e., Culvert 1 was installed over
the stream crossing of Watershed 1. According to the
field surveys, Culvert 14 had a diameter of 65 cm,
whereas the other culverts (No. 3, 6,7, 13, and 15) had
a diameter of 85 cm. Culvert 3 and Culvert 7 were 12.5
m in length, whereas the other culverts (No. 6, 13, 14,
and 15) were 6.5 m in length. Additionally, nine major
deformations (e.g., erosional washouts, subsidence,
collapses, small-scale landslides, etc.) were observed
over the road, six of which were caused by the lack of
a culvert (Figs. 4 and 5). In other words, this absence
of structures was the proof of inadequate application
of engineering standards during the construction of
the road.

In Turkey, drainage structures on forest roads are
designed according to Communiqué No 292 on Forest
Road Planning, Construction and Maintenance. How-
ever, this communiqué does not include any informa-
tion about the design life of culverts, although a 20-
year lifespan is commonly assumed for such structures.
Moreover, Bayoglu and Hasdemir (1991) stated that
hydraulic structures are generally designed consider-
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Fig. 5 (Left) Deformation due to lack of culvert at stream crossing of Watershed 8; (Right) Deformation due to insufficient CSA of Culvert 13.
The logs in left figure were harvested for road construction but could not be transported as a consequence of road closure due to deformations
on road platform. In the right figure, the fall of trees was due to the landslide

ing a 10-year return period, but for larger watersheds,
the return period of 50 or 100 years could be consid-
ered. For this reason, we considered an expected max-
imum discharge for a 50-year return period during
their lifespan of 20 years. Accordingly, the hydrologi-
cal risk of failure of all culverts was determined as
33%, which means that structures can reach their ex-
pected lifespan with a 67% likelihood of success for a
return period of 50 years.

Maximum discharges were found by applying the
Rational formula, SCS-CN method, and Kursteiner
formula (Table 2). The Rational method is the only
method described in Communiqué No 292 for estimat-
ing maximum discharge in the determination of CSA.

However, in the literature, a number of studies in Tur-
key have examined the use of different methods for
the estimation of maximum discharge in determining
the CSA of culverts. For example, Giil (1999) used the
Rational along with the Unit Hydrograph, Synthetic
Unit Hydrograph, and the Mockus, Snyder and SCS
Dimensionless Unit Hydrograph methods to estimate
maximum discharge for determining the CSA of cul-
verts. Caliskan (2007) also used the Rational and the
Synthetic Unit Hydrograph methods to estimate the
maximum discharge that hydraulic structures need to
drain during the flow of storm events. However, only
the sample study of forest roads by Bayoglu and Has-
demir (1991) applied the Rational method alone. The
present study also applied the Kiirsteiner formula and
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Table 2 Estimated maximum discharges (m?/s)

Maximum discharges, m?/s
Watershed | \Watershed : SCS-CN Kiirsteiner
number | area (ha) ?:::T?SE' (Qmax) (Qmax)
HQ (50) HQ (50)
1 13 0.86 0.64 1.27
2 22 1.42 (RN 1.78
3 17 1.10 1.14 1.50
4 5 0.32 0.73 0.66
5 7 0.44 0.62 0.83
6 12 0.76 1.20 1.17
7 95 6.03 7.97 4.46
8 6 0.39 0.68 0.75
9 3 0.18 0.21 0.45
10 6 0.38 0.46 0.74
11 6 0.40 0.62 0.76
12 4 0.26 0.32 0.57
13 16 1.02 1.05 1.30
14 3 0.21 0.25 0.50
15 40 464 5.26 4.20

the SCS-CN method along with the Rational method.
These three methods were compared in terms of re-

A.Agql etal.

quired parameters such as watershed characteristics
and meteorological data. The Rational and SCS-CN
methods require meteorological data (daily total pre-
cipitation data for SCS-CN and rainfall intensity data
for the Rational method), whereas the Kiirsteiner
method does not require any meteorological data. This
shows that the Kiirsteiner method can be an option
when meteorological precipitation data are not avail-
able. All three methods require information on the
watershed area and land-use types. In terms of the soil
type parameter, which plays an important role in the
rainfall-runoff ratio, only the SCS-CN method requires
the HSG as a direct input for determining the CN val-
ues. Similarly, the slope parameter is used as direct
input for the SCS-CN method, and for this method,
frequency analyses are performed with the Log Pear-
son Type III (LPT-1II) distribution. The LPT-III is ac-
cepted as a default frequency analysis method for SCS.
The LPT III method yields better results for runoff
frequency determination (Reich and Renard 1981,
USGS 1982, USACE 1993, Griva et al. 2003).
According to Table 2, maximum discharges of
0.18-6.03 were found for the Rational method, 0.45—
4.46 for the Kiirsteiner method, and 0.25-7.97 for the
SCS-CN method. Maximum discharges estimated by
the selected methods varied depending on the param-

Elevation, m
we High: 1596.52

B Low: 1565.36

Fig. 6 (Left) UAV-based orthomosaic of Watershed-15, (Right) DEM-generated for stream crossing of Watershed 15
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eters. When compared to other methods, the Rational
formula did not result in the highest discharge for the
same watershed. When the methods were compared
for watersheds that had culverts, the highest discharg-
es were obtained with the Kiirsteiner method for Wa-
tersheds 3, 13, and 14, whereas the SCS-CN method
resulted in the highest discharge for Watersheds 6, 7,
and 15.

Geometric data for the HEC-RAS can be produced
using various methods ranging from terrestrial sur-
veying techniques to remote sensing. As for the remote
sensing techniques, data for obtaining a terrain model
can vary from among stereo optical images to radar
systems (Shuttle Radar Topographic Mission - SRTM
and Advanced Spaceborne Thermal Emission and Re-
flection Radiometer — ASTER) or laser scanning sys-
tems (air and ground). The resolution and accuracy of
the DEM data depend on the remote sensing tech-
nique. For example, Casas et al. (2006) generated
DEMs from different sources such as a global position-
ing system (GPS) survey and bathymetry, high-reso-
lution laser altimetry data LiDAR, and vector map
(1:5000). Results showed that both GPS and LiDAR
based DEMs provided more accurate results than vec-
tor map. Schumann et al. (2010) compared DEM data
generated from SRTM with laser scanning data. Md
Ali et al. (2015) compared laser scanning data, a topo-
graphic map, and SRTM and ASTER data. Farooq et
al. (2019) compared WorldDEM, SRTM, ALOS, and
ASTER data. There are also studies using the UAV
technique for generating DEMs for HEC-RAS (Mau-
rato et al. 2017, Faudzi et al. 2019). For the HEC-RAS
model, UAV-based very high-resolution DEMs (<1
cm) were used to build the model geometry. Fig. 6
shows an example of a UAV-based orthomosaic and
DEM generated in the present study. The UAV-based
DEM represents the topography more accurately than
the DEMs generated from topographical maps be-
cause of their coarse spatial resolutions. In addition,
terrestrial surveys were carried out at discrete points.

However, the UAV data enabled the creation of spa-
tially continuous maps in very high resolution (Fig. 7).
Surveys at discrete points require additional interpola-
tion procedures that decrease the ability to represent
the topography of the surveyed data. Moreover, UAV
technology can be used for data acquisition at almost
any time, as weather conditions allow, provided that
it is during daylight hours. It can be concluded that
the use of UAVs in time-series data acquisition is flex-
ible, fast, efficient, and relatively less costly.

According to the simulation results of the HEC-
RAS models, the installed Culverts 3, 7, 13, and 15 were
unable to drain the estimated maximum discharges.
However, the installed Culverts 6 and 14 were found
to be capable of draining the estimated maximum dis-
charges (Fig. 8). The finding for a sample simulation
conducted for Culvert 15 revealed that it was unable to
drain the maximum discharge (Fig. 9). However, a
sample HEC-RAS simulation for Culvert 15 with its
proposed size was found to be capable of draining the
maximum discharge (Fig. 10). In this sample, a two-box
culvert in dimensions of 1.5x1 m each was proposed
rather than the corrugated pipe culverts (Table 3). The
results showed that the installed culverts were mostly
unable to drain the maximum discharges. In other
words, they were not designed to meet engineering
standards with regard to structural dimensions. Con-
sequently, as was expected, they failed by causing and/
or increasing deformations on the road. The CSAs of
the installed culverts were also compared with the
CSAs calculated by Talbot’s formula, which showed
that for three culverts (No. 7, 13, and 15), the CSAs were
significantly smaller than the CSAs obtained by Tal-
bot’s formula (Table 3). Culverts 3 and 14 had almost
the same CSA values as those calculated by Talbot’s
formula. However, Culvert 6 had a greater CSA than
that calculated by Talbot’s formula.

The CSAs of the culverts capable of draining max-
imum discharges were determined via the HEC-RAS
models considering the largest maximum discharges

Table 3 Comparison of CSA values of culverts and proposed types of hydraulic structures

CSA, m? Proposed hydraulic structures
Culvert No. . .
Installed By Talbot's formula By HEC-RAS simulation
3 0.57 0.60 1.00 Corrugated pipe culvert
6 0.57 0.45 Installed culvert is sufficient
7 0.57 3.25 450 Double-cell box culvert
13 0.57 0.85 0.85 Corrugated pipe culvert
14 0.33 0.30 Installed culvert is sufficient
15 0.57 2.60 3.30 Double-cell box culvert
Early view paper 11
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Fig. 8 HEC-RAS model simulation results for installed Culvert 14 (0.33 m? CSA) capable of draining maximum discharge: (Top) Depth map,
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estimated by the selected methods, i.e., Rational,
Kirsteiner, and SCS-CN (Table 3). The CSAs deter-
mined by the HEC-RAS models considering the max-
imum discharges were found to be larger than for the
installed culverts and those calculated by Talbot’s
formula. Culverts 3, 7 and 15 were found to have sig-
nificantly lower CSAs in both installed and calculated
by Talbot’s formula. The same value was found for
the CSA of Culvert 13 (0.85 m?) by both Talbot’s for-
mula and the proposed HEC-RAS-based model. The
CSAs calculated according to Talbot’s formula were
not tested with the HEC-RAS analyses as to whether
they would flow the water with maximum discharges
or not. It was revealed that most of the CSAs calcu-
lated using Talbot’s formula were found incapable of
draining maximum discharges compared to the CSA
calculations based on the HEC-RAS model.

5. Conclusions

The study concluded that, when forest roads are
not constructed to meet engineering standards in
terms of the structures designed to drain maximum
discharges at stream-crossing points, they suffer from
rainfall and surface runoff-related deformation, caus-
ing heavy increases in maintenance costs. It could also
be concluded that the dimensions of most such drain-
age structures installed on forest roads in Turkey are
incapable of draining the maximum discharges ex-
pected from relevant watersheds. In Turkey, drainage
structures are designed in accordance with Commu-
niqué No 292, and numbered forest roads are built
according to Forest Road Planning, Construction and
Maintenance. In the Communiqué, the Talbot’s for-
mula is recommended for dimensioning drainage
structures. However, this study concluded that the
culvert dimensions (i.e., CSA values) obtained via Tal-
bot’s formula were mostly insufficient and were inca-
pable of draining maximum discharges when com-
pared to the proposed dimensions based on other
hydrologic models visualized by the HEC-RAS. The
present study demonstrated that the HEC-RAS mod-
els had successfully used advanced methods in the
dimensioning and visualization of hydraulic struc-
tures in a more reliable way. The HEC-RAS model
requires two main inputs: a geometric model and cor-
rectly estimated maximum discharges. Maximum dis-
charges were estimated using three different ap-
proaches: the Rational, Kiirsteiner, and SCS-CN
methods. These different approaches can provide flex-
ibility for engineers in the estimation of maximum
discharges, depending on data availability. For ex-
ample, the Kiirsteiner method does not require any

A.Aql etal.

meteorological data, meaning that this method can be
an option when meteorological precipitation data can-
not be obtained. Thus, each method has various ad-
vantages or disadvantages for the estimation of maxi-
mum discharges. Another important point of the
study was the use of UAV remote sensing to obtain the
model geometry required for the HEC-RAS model. In
the present study, manual UAV flights were carried
out because of the existence of vegetation at the
stream-crossing points. When there is high-density
vegetation, UAV-based DEMs cannot be created ac-
curately by autonomous flights whose images are
taken mostly at nadir-view angles. The present study
concluded that both modern UAV remote sensing
technology and HEC-RAS modeling, as an advanced
approach in simulating maximum discharges, can be
used successfully, efficiently, and with more reliable
results, by the engineers.
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