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Abstract: Surface runoff flows must be drained safely through culverts in ephemeral flow streams
and bridges in perennial streams without any damage to the road or highway infrastructure stability.
In practice, bridges cross drainage basin channels reliably, and they are more carefully planned,
designed, constructed, and maintained against extreme water passages, but culverts are subject to
even less frequent and intensive rainfall consequent surface runoff occurrences with higher risk
potential. It is, therefore, necessary to design culverts more carefully in such a way that they drain
down the upstream surface water without any critical problem to the road downstream of the
road stream channels. Most of the hydrological, hydraulic, and sedimentological formulations are
empirical expressions that are widely valid for locations where culverts are suitably developed based
on simple bivalent logical rules between factors involved in upstream inlet locations of culverts. One
of the first logic rule-based methods in the literature is Talbot’s procedural approach to culvert design.
This approach is based not only on an explicit equation, but also on a set of linguistically proposed
design rules that are expressed deterministically to effectively eliminate most of the ambiguities. This
paper proposes a modified approach with additional logistic structural features based on a bivalent
logic inference system, which is an improved version of the Talbot procedure and leads to better
culvert transition surface flow prediction. The proposed method is applied to a local area in Tekirdag
City, Tuirkiye, where a serious train accident occurred due to a poorly maintained culvert.
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1. Introduction

Highway and railway routes have numerous intersections with small or large-scale
permanent and temporary drainage basins that carry water and, thus, distort the nature
of surface runoff. In terms of road safety, in order to protect and ensure the sustainability
of roads, highways, and railways, it is necessary to prevent and stop the water flow from
damaging the routes and ensure that it passes from the upstream to the downstream
side through hydraulic structures such as culverts. Pencol Engineering Consultants [1]
mentioned maintenance, environmental conditions, installation errors, erosion, volume,
and capacity calculation errors among the culvert failures. On the other hand, Chanson
and Wang [2] concluded that a safe and steady flow through a culvert can accommodate
and protect wildlife while reducing expensive erosion and structural damage.

A culvert is defined as a hydraulic structure that allows water to flow from one side
to the other side under roads, railways, paths, or similar obstacles [3]. Kilgore et al. [4]
wrote that culverts operate under a wide range of hydraulic and non-hydraulic conditions.
They also stated that the lifespan of the culvert should be suitable for the purpose of
installation. Kailan [5] stated that a full analytical analysis of the culvert based on a rational
equation is very difficult, because changes in flow conditions over time due to periods
of extreme flooding can cause degradation of the sedimentation material. Additionally, a
study examining the interaction between groundwater and surface water showed that the
partial exchange between surface and groundwater causes lateral flow from groundwater
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to surface water, which increases surface flow [6]. In regions where this situation occurs,
surface flows must be analyzed very well, and culvert structures of appropriate sizes must
be constructed. According to the Civil Engineering Portal website [7], the best culvert
cross-section shape has circular geometry. The culvert design report should include the
culvert type, length, design dimensions, cross-sectional area, and related elements required
for complete design plans and maintenance [8]. According to Garg [9], box culverts are
designed similarly to bridges, and new bridge designs are based on the load and resistance
factor design determined by AASHTO [10]. Kumar and Srinivas [11] provided a definition
of a box culvert consisting of four parts: upper and lower floors exposed to dead and live
loads and two vertical sides. This is the simplest form of design, but the subfloor should be
wedge-shaped, as suggested in this paper. Although the dead weight of the ground is the
main design force in deep buried culvert structures, the effect of live load is not significantly
taken into account [12]. Using the moment distribution method, Oyenuga [13] suggested
that the box culvert should be considered as a rigid structure with moment formations
at its corners. In general, culverts are defined and designed as drainage structures for
storm drainage structures for road crossings under highways and railroads consisting of
different materials, such as concrete and plastic. It must not be forgotten that culverts
have certain functional life durations, which can be augmented by careful and systematic
maintenance. For example, a study showed that even just improving the inlets in existing
culverts significantly increases the performance [14].

The original Talbot method was developed in the late 19th century, at a time when
rainfall records were not available and even the well-known rationally formulated runoff
calculation approach, applicable only in small drainage basins, was not available. Talbot
methodology is based on the geomorphological characteristics of the drainage basin in the
upstream part of the culvert’s structure. It is time to update the classic Talbot culvert design
and calculation methodology for today’s applications, especially in locations where surface
flow measurement records are not available.

The main purpose of this article is to update the classical Talbot culvert design and
calculation methodology with the application of advanced logical inference system prin-
ciples, as well as to demonstrate the effectiveness of the proposed methodology despite
the lack of rainfall records, since it is based on expert opinions. Linguistic information and
interpretation lead to mathematical formulations and to numerical calculations. It shows
that the proposed updated Talbot method is valid within +10% error compared to some
of today’s methodologies, such as the rational method. The application of this proposed
method is presented for a railway culvert accident site located on the European side of
Tekirdag province of Turkey, next to the metropolitan city of Istanbul.

2. Culvert Design and Types

Control measures along highway and railroad routes can be classified as either non-
structural or structural. Structural measures include physical interventions, such as the
construction of culverts, levees, bridges, channel improvements, stream diversions, and
other embankments. These are implemented to prevent floods from affecting sensitive
areas. On the other hand, non-structural measures focus on planning, analyzing flood
situations, floodplain zoning, and protection against floods. The aim is to reduce the risk of
flood damage by keeping people and important engineering structures away from areas
prone to devastating floods. Non-structural measures generally result in much lower costs
than structural interventions.

Although the local and central government envisages building some culverts and
bridges to reduce and protect against flood hazards during the project phase of the proposed
infrastructure investments, unfortunately, these existing methods may not fully protect
the working area due to uncertainty; thus, interferences prevent the accurate prediction of
the behavior of natural phenomena such as inundation and flash floods. The construction
of inappropriate and improperly designed drainage structures, such as culverts, bridges,
floodwalls, gullies, and levees, as well as human interventions, can cause detrimental
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effects on transport infrastructure during inundation or exaggeration of floods. Therefore,
the design of drainage structures must be planned, operated, and maintained according to
scientific engineering rules.

As a first step in transport infrastructure drainage design, it is appropriate to divide
the area of interest into different sections using digital elevation model (DEM) maps. It is
important to pay special attention to surface (runoff) and subsurface (groundwater) issues
in each section. In addition to considering flow, in mountainous and rolling terrain, sections
should also not cover large areas, because such lands have steep slopes with the potential of
possible rock falls, landslides, and debris flow risks. During periods of heavy rainfall, the
culverts operate at full capacity. In other words, not the cross-sectional area of the culverts
(for security reasons), but a large part of them, is filled not only with water but also with
sedimentation, to a certain extent. As shown in Figure 1 on a horizontal plane, culverts
connect the upper part of the same drainage basin to the lower part. In the vertical plane,
the same configuration is shown in Figure 2.

L =Culvertupstreamdrainage basin length

W = Culvert upstream drainage basin width
1 = Culvertlength

w = Culvertwidth

Figure 1. Culvert’s upstream and downstream parts on a horizontal plane.

HIGHWAY PROFILE

BOX CULVERT

Figure 2. Culvert and highway cross-sectional area.

In very small drainage basins, the rational method can be applied for surface discharge
calculations, but the surface near the culvert entrance and exit consists mainly of rubble,
which accumulates like a dam as a result of heavy rainfall, possibly causing blockage of
the flow. Therefore, both upstream and downstream areas of culverts should be checked
regularly for debris accumulation.

Extreme floods such as those in this study consist of excessive surface water flowing
over natural or artificial riverbanks or transportation infrastructures due to inadequate
culvert design. In the early stages of hydrological rainfall-runoff modeling, simplified
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approaches are often adopted. The following simplifying factor assumptions are considered
in empirical flood prediction studies.

1. Storm precipitation that produces floods is distributed evenly throughout the drainage
basin during the storm period;

2. The peak time of the hydrograph is considered equal to the concentration time, and
the time taken for a water drop falling at the farthest point of the drainage basin to
reach the outlet is considered;

3.  Inheavy rains, the runoff coefficient should be the same throughout the drainage basin;

4. The basin slope is taken as uniform throughout the whole drainage basin.

Culverts are made of stone, steel, or concrete pipes with rectangular, trapezium, trian-
gular, circular, or oval sections; pipe arches; and corrugated metal construction plates that
allow water to pass through the structure. Culverts are used in normal bridge construction,
where the main water channel is usually dry and narrow. The road passing through the
drainage basin meets some requirements that can be summarized as follows.

1. At the points where the drainage basin channels intersect with the road, culverts of
appropriate type and size should be placed, designed, and constructed to allow flood
waters to pass underneath the road without erosion;

2. Concrete head and wing walls should be built on the upstream side of the culvert to
reduce the flood speed and erosion process.

In addition to being empty, full, or overcharged, culverts are exposed to different
loads due to factors such as effective sizes, live loads, impact, sediment transport, and
water pressure. Therefore, the structure must be designed to withstand maximum bending
moment. The followings are required for culvert drainage area calculation [15]:

(1) Rainfall intensity—duration—frequency (IDF) curves;

(2) Analysis of wet and dry periods;

(38) Assessment of debris and gullies risk along the road;

(4) Culvert capacity calculations;

(5) Calculations regarding the volume and risk of rivers and stream flows;

(6) Sediment transport calculations;

(7)  Assessment of rock fall and landslide, as well as their probability and risk;
(8) Morphological study and instability analysis;

(9) Calculations regarding infiltration, subsurface, and groundwater flow.

In addition, even the general drainage basin (catchment) and small sub-basins located
along the road alignment (route) are important in terms of surface runoff calculations.
Flow discharges at each borehole provide useful information not only on hazard and risk
probabilities, but also on the sizing of roadside channels and culvert capacities. Watershed
features such as areas, slopes, and other important quantities can be obtained from DEM,
as well as geological maps and Google Earth surface features. The combination of all the
data can be used for the necessary hydrogeological calculations of local undrained areas
along the road or railroad alignment. Utilizing this, the necessary measures, plans, designs,
and management strategies can be implemented for future maintenance and protection.
Management here means managing the risk of debris flow, rockfall, slope failure, and
wedge failure along the road.

3. Culvert Dimension Calculations

A culvert consists of an inlet for water intake, an outlet for water discharge, and a
barrel-shaped structure connecting the two ends (Figure 1). The term “tailwater” refers to
the water depth on the downstream side, while “headwater” refers to the water depth on
the upstream side.

A culvert acts as a passage connecting two open-channel sections during dry periods
and two water bodies during wet periods. The widely recognized type is the rectangular
cross-section box culvert (Figure 2).
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Culvert length and slope should be appropriate for the surrounding topography. The
culvert entrance must be compatible with the fill slope of the embankment. In general,
the slope of a culvert should be suitable for the average stream bed slope. This rule is not
applicable on steep terrains, and therefore, the culvert slope should be determined based
on experts’ judgement, considering past experience, field studies, expected sedimentation,
debris flow and mud-flow forecasts, local geology, and storm runoff. Unfortunately, the
previously built culverts were not designed properly. The reason for improper culvert
design was mainly due to misconsideration of topographic, meteorological, climatologic,
engineering geologic, hydrologic, and hydrogeological factors as a whole. Therefore, the
consequences of incorrect or inadequate design can result in tragic accidents. The following
statements summarize the primary disadvantages of both current and past designs for drop
inlets and culverts [15].

(1) Drop inlets have vertical walls that lack the additional gravity and culvert-directed
forces for downward debris flow and rock fragments;

(2) The bottom of a drop inlets includes a horizontal flat surface that allows debris flow
and rock fragments to accumulate without any assistance as they enter the headwater
portion of the culvert;

(3) Horizontal dimensions of drop inlets do not have enough space for the entry of
debris flow;

(4) Classical rectangular box culverts that do not show significant performance in wet
and dry periods;

(5) There may not be enough slope in the culvert to facilitate easy rolling of rock pieces or
debris gravel pieces;

(6) The box culvert surface slope is enough for water flow, but insufficient to provide the
appropriate gravitational force to move solid material flow.

In order to eliminate the mentioned disadvantages, a special design obtained as a
result of a comprehensive scientific study is recommended for both drop inlet and box
culvert water flow surfaces and cross-sections [15]. Box culverts designed for highways in
this study area have notable and distinctive features when compared to other components
in most global highway water drainage systems.

(1) The drop inlet section of the drainage system has inclined walls on three sides, except
for the box culvert entrance;

(2) The bottom of the drop inlet is also inclined, albeit at a gentler slope, which facilitates
the entry of debris flow or rock fragments into the headwater section of the culvert;

(8) The horizontal size of the drop inlets is determined according to the results obtained
depending on the peak discharge, debris flow volume, rock fragment quantities,
and 50% safety factor, as well as the recommendations obtained from the findings
previously presented in the relevant engineering culvert design reports;

(4) The cross-sections of the culverts can be rectangular, triangular, or especially circular.
This design allows for the functionality of water, mud, debris, and rock flow even
during dry periods or low-intensity rainfall-runoff situations;

(5) The longitudinal slopes of the culvert are maximized from the upstream water to the
tailwater section, thus facilitating movement by ensuring that any debris entering the
culvert is exposed to additional gravitational force, facilitating downstream movement;

(6) The additional weight applied upstream along the length of the culvert helps to
stabilize the culvert under the road surface covering;

(7)  The cooperation function of the drop inlet and culvert system is improved by incorpo-
rating varied slopes throughout the entire system.

Depending on the availability of space at the top of the road, the drop inlet area can
be rather big. In general, it is recommended that the drop inlet dimensions for each box
culvert be at least as 5.0 x 1.5 x 0.9 m3 [16].

Talbot [17] provided the culvert design procedure when rainfall records were not
available, and therefore, all his calculations are empirical based solely on the relationships
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between the geometrical parameters of the drainage basin and culvert area. The method
called the classical Talbot (CT) method was later developed as the modified Talbot (MT)
method. In this study, a simple new graphical method based on a practical statistical
inference system is proposed and explained as the improved innovative Talbot (IT) method.

3.1. Calculation of Culvert Dimensions by CT Method

In the original Talbot method, the area, A (ft?), of the water passing through the culvert
is expressed in terms of the directly proportional and non-linear basin area, D (acre), as
follows [17]:

A =CD* 1)

where C is the Talbot coefficient. When the units in the formula are converted to the SI
system, Equation (1) takes the following form, with A in m? and D in km?.

A =591CDY* )

In this context, C values, depending on the topographic features of the drainage basin,
are given in Table 1.

Table 1. Talbot coefficient values [17].

Topographic Feature C Values
“Very flat” 0.2
“Flat” 0.3
“Slightly wavy” 0.4
“Wavy” 0.5
“Slightly hilly” 0.6
“Hilly” 0.7
“Mountainous” 0.9

For example, if the area of the catchment basin is 1.45 km? and the terrain is slightly
wavy, the cross-sectional area of the culvert below is calculated according to Equation (2)
for the required cross-sectional area of the culvert. A = 5.91 x 0.4 x 1.45%/% = 3.06 m?.

3.2. Calculation of Culvert Dimensions by MT Method

The CT method was developed and further improved as the modified Talbot method
(MT) by classifying three different classes of watersheds, namely, “medium”, “large”,
and “regional”, as drainage basin areas of 400-1258 hectares, 1258-35,944 hectares, and
larger than 35,944 hectares, respectively [18,19]. The basic equation giving the maximum
discharge value, Q (m3 /s), in the modified method is as follows.

Q=KCA"R; F 3)

Here, the constant K takes values of 0.558 for medium-sized basins, 3.561 for large
basins, and 10.166 for regional basins. C is a flow coefficient claimed to be the sum of C;, Cy,
and C3, where C; is a coefficient of field conditions, C; is the drainage area slope coefficient,
and Cj is the shape coefficient of the catchment area. Depending on the field conditions,
Table 2 shows the values of Cq, Cy, and Cs. In the given formula, A represents the drainage
area in hectares, and n is an exponent determined by the size of the drainage area, with
values of 0.75, 0.50, and 0.40 for medium, large, and regional basins, respectively. R = 1.5
for the middle-class basin and 1.4 for the large and regional basins is the recommended
precipitation coefficient, and finally, F; = a frequency coefficient based on the design storm
frequency, which is shown in Table 3.
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Table 2. Cq, Cy, and Cj3 coefficients [18].
0.30 “Mountainous terrain”
Cq 0.20 “Semi-mountainous terrain”
0.10 “Low terrain”
0.50 S>15%
0.40 10% < S < 15%
0.30 5% < S <10%
Cy 0.25 2% <S < 5%
0.20 1% <S < 2%
0.15 0.5% <S<1%
0.10 5<0.5%
0.30 W=L
Cs 0.20 W=04L
0.10 W=02L

Note: W is the width, L is the length, and S is the slope of the drainage area.

Table 3. Design storm frequency coefficient F; [18].

Frequency (Year) F¢
5 0.60
10 0.80
25 1.00
50 1.20
100 1.40

The storm frequencies of the proposed designs are given in Table 3 according to the
values expressed as recurrence times over the years.

The MT method gives the peak discharge, but in practical applications, the Manning’s
formula is used to calculate the maximum flow velocity, V (m/s), that can pass through the
existing culvert. The formula is expressed as:

V= %ha/a s!/2 (4)

Here, n is the Manning roughness coefficient, Ry, is the hydraulic radius (wet area
(m?)/wet perimeter (m), and S is the hydraulic slope (%).

3.3. Calculation of Culvert Dimensions by IT Method

The relevant information in Tables 1-3 is presented in discretely spaced numerical
forms, but applications may require any values within these ranges. Therefore, in order
to take into account any number in each range for applications, the information in the
table must be converted to mathematical functional forms. For this purpose, graphs
corresponding to this table and the data in Figure 2 were obtained by applying simple
regression methodology, and Figures 3-5 were obtained.

The mathematical relationship between coefficient C; and the drainage basin slope is in
the form of a power function expressing a straight line on double logarithmic paper, which
expresses the concept of self-similarity in fractal geometry, according to Mandelbrot [20].

This relationship is parabolic, meaning that as the width-length ratio increases, C3
also increases.

The general form of the relationship is a power function, implying that such a relation-
ship shows the property of fractal geometrical self-similarity [20].

In each of these last three figures, classical regression methodology gives mathematical
expressions with coefficients of determination above 0.95, so the model predicts more than
95% of the relationship.
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Sensitivity analysis of these parameters was performed to confirm the appropriateness
of the improved method. One-way sensitivity analysis was used as the sensitivity analysis
method, and is presented for each parameter in Figures 6-8.

When the analysis is examined, it is seen that the W /L ratio is quite sensitive in the
discharge prediction, despite the relatively more limited range.
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Figure 6. One-way sensitivity analysis of slope of the drainage area.
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Figure 7. One-way sensitivity analysis of width-length (W /L) ratio.
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Figure 8. One-way sensitivity analysis of frequency (year).

4. Application

The results of the Talbot method, one of the oldest methods used in culvert design,
are investigated with actual application at the location of the culvert that caused the train
accident in Tekirdag Province, adjacent to the metropolitan city of Istanbul on the European
side of Turkey. Here, the values obtained from the developed method are compared with
the existing Talbot culvert water passage results. The culvert is located at km: 161 + 955
around Sarilar Village, between Balabanh and Corlu railway stations in the Corlu district
of Tekirdag Province (see Figure 9).
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Figure 9. Culvert accident location [21].

It is estimated that the culvert was built in 1873, approximately 151 years ago. The
culvert, with an opening of 1.5 m, has a debushing of 2 m, as shown in Figure 10. When
looking at the cross-section of the culvert, it is possible to say that there is an area of
approximately 3 m? for water passage.

Figure 10. Sarilar village culvert appearance at km: 161 + 955 [21].

The basin served by the culvert was determined using the 12.5 m high-resolution
digital elevation model (DEM) data of the region in the Watershed Modeling System (WMS)
program. Accordingly, the area of the basin is 1.45 km?. Satellite images of the basin and
water collection lines are shown in Figures 11 and 12, respectively, considering the current
land conditions. It can be seen that the basin, which generally consists of agricultural land,
has a slightly undulating topography.

The longitudinal section of the basin is drawn through the points where the main
channel line intersects with the contour lines. Accordingly, the average slope (grade) of the
basin is about 3.4% (see Figure 13).
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drainage basin.

Considering the topography of the basin, the numerical values of the coefficients
explained above can be considered as C; = 0.10 (low land), C; = 0.25 (2% < S = 3.4% < 5%),
and C3 = 0.30 (acceptable as W = L), and thus, C = C; + C; + C3 = 0.65. The design storm
frequency coefficient is F; = 1.40 (100 years). In addition, since the K, n, and R coefficients
do not have values specific to small-class basins, the coefficients for the middle-class basin
were used as K = 0.558, n = 0.75, and R¢ = 1.5. Accordingly, the maximum discharge value
that passes through the culvert is calculated as follows.

Q = 0.558 x 0.65 x 145°7° x 1.5 x 1.4 = 31.83 m%/s
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Elevation (m)

Initially, the average velocity of the cross-sectional area of the flow is determined; then,
this value is multiplied by the culvert area to find the maximum flow rate passing through
the existing culvert.
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Figure 13. Longitudinal cross-sections along the main channel.

For the application of the Manning formula, the roughness coefficient of the culvert
for brick surfaces coated with cement mortar in partially filled closed channels is adapted
as 0.015, according to the recommendation by Chow [23]. For the hydraulic radius value, it
is assumed that flow covers a full section of the culvert. The average slope of the basin and
the hydraulic slope are assumed to be the same. Accordingly, the maximum discharge that
the existing culvert can pass is calculated as follows.

1 2x1.5

= 0015272115+ 15 6.99 m/s

)2/3(%3.4)"% =

Qec = VXA =699 x (2x15) =2097m?/s

In addition to the sample study, discharges calculated using the classical Talbot (CT)
and modified Talbot (MT) methods in various virtual basins with different characteristics
are compared in Table 4. Accordingly, it has been observed that the modified Talbot (MT)
method calculates higher discharge when the slope of the drainage area is low. On the
other hand, it has been concluded that the discharge obtained using the classical Talbot
(CT) method is higher in areas with a high slope.

Table 4. Comparison of the classical Talbot (CT) and modified Talbot (MT) methods.

Topographic Drainage Area Classical Talbot Classical Talbot Modified Talbot
Feature Slope (%) (ha) (CT) Waterway  (CT) Discharge Q  (MT) Discharge
Area (m?) (m3/s) Q (m3/s)

Watershed 1 Flat 0.9 250 3.5 14.0 40.5
Watershed 2 Slightly wavy 15 740 10.6 54.6 99.8
Watershed 3 Slightly wavy 3.8 190 3.8 31.3 39.0
Watershed 4 Slightly hilly 8.2 1350 25.0 300.3 205.2
Watershed 5 Hilly 12.7 850 20.6 308.2 184.5
Watershed 6 Mountainous 16.5 470 17.0 289.6 130.1
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5. Debris Flow Calculation

From a logical perspective, there exists a direct relationship between peak discharge
and debris flow. Evaluating peak discharge, especially in terms of flow velocity, plays a vital
role in evaluating the carrying capacity of stream channel sections and critical locations
such as under bridges or culverts. It has been shown by Hungr et al. [24], Mizuyama
et al. [25], and Takahashi et al. [26] that empirical relationships are valid between the peak
discharge, Qp, of a debris flow and the debris flow volume, Vp. Table 5 proposes a set of
equations for calculating debris flow.

Table 5. Debris flow volume, V, and peak discharge relationships [15].

Data Basis Equation Source
Granular debris flow (Japan) Qp =0.135 V078 Mizuyama et al. [25]
Muddy debris flow (Japan) Qp =0.0188 V079 Mizuyama et al. [25]
Landslide dam failure Qp =0.293 V078 Costa [27,28]

Rickenmann and Koch [29] suggested using a double logarithmic paper plot to show
the relationship between peak discharge and debris flow volume, as shown in Figure 14.

105
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1 V (m?%)

Figure 14. Empirical relationship between Qp and V [15].

In this figure, the red line represents the average expression between the peak dis-
charge and debris flow volume described by Sen [15]. This relationship is represented by

the following equation:
Qp = 0.0375 V7143 (5)

This expression is for debris flow calculations, and final values for gullies are given in
Table 5. This table provides the total debris flow efficiency from the entire gully area.

Alternatively, the debris flow volume can be expressed as the inverse of this equation,
which has the following expression:

Vp = 26.57 Q% (6)

If the water volume per second and debris flow amounts are known, the inlet cross-
sectional area of the culvert can be calculated. In addition, in safety studies, the final volume
per second is increased by 50%, which is a safety factor used in many civil engineering
projects. The cross-sectional areas of the culverts are required in order to calculate the two
types of debris flow assessments.

(1) Sudden debris flow before the entrance of each culvert;
(2) Gradual spread of debris flow along culverts.
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6. Discussion

Multiplying the classical Talbot (CT) culvert area expression in Equation (1) with the
Manning flow velocity formulation leads to the culvert discharge as follows:

1
Q= _591CD**R*?s!/2 @)

Here, C is a coefficient taken according to Table 1 based on the topographic feature
definition. On the other hand, the discharge calculation made by using the modified Talbot
(MT) method, taking into account the characteristics of the culvert’s upstream drainage
area, can only be calculated using Equation (3) [18].

A comparison of the CT and MT methods shows the following important differences.

(1) There is no rainfall amount or intensity parameter in either approach, but in the MT
method, rainfall is empirically expressed by the storm frequency factor, F¢. In the CT
procedure, the hydraulic velocity formulation is used as in Equation (4).

(2) In the CT method, the C coefficient depends on topographic features without making
any determination regarding the drainage basin slope or dimensional sizes, while in
the MT approach, the slope and width-length ratio are taken into account.

(3) nrefers to the Manning coefficient depending on the flow canal material types, but in
the MT approach, it depends on the drainage basin size, which is “medium”, “large”,
or “regional”.

(4) Empirically, a precipitation coefficient is entered in the MT method, whereas there is
no precipitation representative factor in the CT procedure.

(5) Inthe MT procedure, return periods are considered with an empirical addition in the
name of the frequency coefficient, F, but there is no such a concept in the CT method.

(6) Equation (7) gives the culvert discharge calculation for the CT procedure, whereas
the Equation (3)-based discharge calculation originates from the culvert’s upstream
drainage area.

(7) The empirical formulation of MT is very similar to the present-day flood calculation
considering intensity—duration-frequency (IDF) curves, whereas CT has no similarity.

It is also important and meaningful to compare the MT method discharge formulation
with the rational method expression, which can be expressed as follows:

Q=CAI (8)

where C is the runoff coefficient, A is the culvert’s upstream drainage basin area, and I
is the rainfall intensity. The main difference of the rational formulation from CT and MT
approaches is that each variable on the right-hand side is linearly related to the discharge,
which is quite simple, but cannot be applied to large drainage basin areas of more than
5 km? [23].

7. Conclusions

Culvert design planning is very important to allow water passage under highway and
railway routes, reducing the risk of runoff and excessive flooding. This is one of the most
uncertain aspects of road construction, and thus, there are many empirical formulations,
some of which are locally valid and others of which have wider validity, but still carry a
vestige of uncertainty. This paper focuses on one of the oldest culvert design calculation
methodologies, known in the literature as the classical Talbot (CT) method, which was first
developed without any precipitation records and was later modified by better approxi-
mations to the modified Talbot (MT) method. Both the CT and MT methods have been
proven to be empirical and only take into account drainage basin morphology, along with
the empirical implications of the precipitation factor in terms of the storm frequency coeffi-
cient and frequency within the year, which are similar to the existing recurrence intervals
based on the intensity—duration—frequency (IDF) curves. An application of the CT and MT
methods is presented for the culvert fault location under the railway route in Tekirdag. The
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methodology proposed in this paper is recommended for further applications in different
parts of the world, especially where rainfall-runoff records are not available. On the other
hand, since the entire study is based on bivalent (crisp) logic with expert systems, it is
suggested that, in future studies, the fuzzy logic inference system be used as a productive
path for future research works.
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